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ZUSAMMENFASSUNG  XI 
ZUSAMMENFASSUNG 
In Technik-geprägten Gesellschaften sind mathematische Fähigkeiten von hoher Bedeutung. Wir 
können Mathematikleistungen über fluide Intelligenz (FI), die Fähigkeit zu schlussfolgerndem 
Denken, vorhersagen. Der Einfluss von FI auf kognitive Prozesse und neuronale Mechanismen, 
die mathematischen Fähigkeiten in verschiedenen Teildisziplinen zugrunde liegen, ist jedoch 
wenig verstanden. Die vorliegende Arbeit spezifiziert FI-bezogene Unterschiede in diesen kogni-
tiven und neuronalen Mechanismen beim Bearbeiten geometrischer Analogieaufgaben und Lö-
sen arithmetischer und algebraischer Terme. Mithilfe eines multimethodalen Ansatzes haben wir 
das Zusammenspiel zwischen FI, Leistung und Faktoren wie Aufgabenkomplexität, Lernen und 
Strategiewahl, die kognitive Prozesse und Anforderungen beim Problemlösen beeinflussen, nä-
her beleuchtet. Leistungsunterschiede haben wir durch Messung von Reaktionszeiten und Fehler-
raten erfasst. Augenbewegungen wurden zur Strategieidentifikation erhoben. Als Indikator korti-
kaler Aktivität diente die ereigniskorrelierte (De-)Synchronisation (ERD/ERS) im Alpha-Band 
des EEG. Um kognitive Prozesse zu unterscheiden, haben wir die ERD/ERS im Theta-Band und 
den Unterbändern des Alpha-Bandes einbezogen. Beim Lösen unvertrauter geometrischer Ana-
logieaufgaben zeichnete sich hohe FI durch verstärkte Verarbeitung visuell-räumlicher Informa-
tionen zum Repräsentieren von Merkmalszusammenhängen aus. Eine entsprechend erhöhte kor-
tikale Aktivität legt nahe, dass neuronale Effizienz, als Basis hoher FI, Unterschiede im mathe-
matischen Denken nicht erklärt. Schüler mit hoher FI passten ihre Strategiewahl den Anforde-
rungen flexibler an, was disziplinübergreifend einer Leistungsoptimierung dienlich ist. Erstmals 
konnten wir aufgrund einer trialweisen Identifikation von Strategien FI-bezogene Unterschiede 
in der neuronalen Effizienz der Strategieausführung feststellen. Solche liegen möglicherweise 
Unterschieden in der Strategiewahl zugrunde. Beim Lösen vertrauter arithmetischer und algebra-
ischer Terme zeigten sich bei Schülern mit hoher im Vergleich zu Schülern mit durchschnittli-
cher FI geringere Anforderungen zur Aktualisierung numerischer Repräsentationen im Arbeits-
gedächtnis (AG), wohl bedingt durch die Nutzung von Routinen (z.B. Faktenabruf) anstelle 
mehrschrittiger Prozeduren. Ihre Leistung war deshalb in komplexen Aufgaben mit starker AG-
Beanspruchung besser. Weitere Analysen lassen vermuten, dass Schüler mit hoher FI Zusam-
menhänge in der Aufgabenstruktur besser erkennen, um dann geeignete Routinen abrufen und 
auf die Struktur übertragen zu können. Die Fähigkeit hoch komplexe Zusammenhangsrepräsen-
tationen zu bilden könnte demnach ein Schlüsselaspekt zur Erklärung FI-abhängiger Unterschie-
de in mathematischen Fähigkeiten sein. Die Erleichterung des Erkennens von Zusammenhängen 
– z.B. durch Manipulation der Aufgabendarstellung – könnte eine Möglichkeit zur Leistungsver-
besserung und Unterschiedsreduktion in mathematischen Fähigkeiten darstellen. 
  
SUMMARY  XIII 
SUMMARY 
Mathematical abilities play a crucial role in our technological society. Fluid intelligence (FI), 
strongly related to reasoning abilities, is one of the best predictors of mathematical performance. 
However, the impact of FI on cognitive processes and neural mechanisms that might underlie 
differences in mathematical abilities across different subdivisions is not well understood. Thus, 
the present work sought to specify FI-related differences in the cognitive processes and neural 
mechanisms while students solve different mathematical problems, that is, first, unfamiliar geo-
metric analogy tasks and second, familiar arithmetic and algebraic problems. We chose a multi-
methodological approach to shed light on the interplay between FI, its associated performance, 
and other factors such as task complexity, level of learning, and strategy selection that influence 
cognitive processes and related task demands in problem-solving. We measured response times 
and error rates to evaluate performance differences. Eye movements were recorded to identify 
solution strategies. The event-related (de-)synchronization (ERD/ERS) in the broad alpha band 
served as indicator of general cortical activity. Further, we considered the ERD/ERS in the theta 
band and the three alpha sub-bands to distinguish between associated cognitive processes. For 
unfamiliar geometric analogy tasks, we identified a higher ability for students with high com-
pared to average FI to build relational representations based on a more intense processing of spa-
tial information. The associated greater cortical activity shows that neural efficiency underlying 
high FI is not an appropriate concept to explain FI-related differences in mathematical cognition. 
Strategy analyses revealed a more adaptive strategy choice in response to increasing task de-
mands in students with high compared to average FI, which helps to optimize task performance 
across different mathematic subdivisions. Further, we conducted the first study identifying strat-
egies and related cortical activity trial-wise and thereby identified FI-related differences in the 
neural efficiency of strategy execution. Such differences might constitute a source for FI-related 
differences in the strategy selection. For solving familiar arithmetic and algebraic problems, high 
compared to average FI was associated with lower demands on the updating of numbers proba-
bly stemming from the use of well-known routines (i.e., fact retrieval) instead of multi-step pro-
cedures. This was associated with a better performance in complex tasks relying more strongly 
on WM recourses. Additional analyses suggest that students with high FI had an advantage to 
identify the relational structure of the problems, which allows mapping and retrieving routines 
that match this structure. Thus, the ability to build representations of high relational complexity 
might be one key aspect explaining FI-related difference in mathematical abilities. We suppose 
that facilitating the identification of relations – for instance, by manipulating the task presenta-
tion – may improve performance and reduce FI-related differences in mathematical abilities.   
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INTRODUCTION  1 
1 Introduction 
In an article on problem-solving, Simon and Newell make the following closing remark: 
There is beauty in the intricacy of human thinking when an intelligent person is confronted 
with a difficult problem. But there is a deeper beauty in the basic information processes and 
their organization into simple schemes of heuristic search that make that intricate human 
thinking possible. (1971, p. 159) 
Highly intelligent individuals do not only arouse admiration due to their beautiful minds, but 
they are also more successful than less intelligent individuals due to their ability to deal with the 
most complex problems. A meta-analysis by Strenze (2007) revealed remarkable correlations 
between general intelligence but also specific components of intelligence such as fluid intelli-
gence (FI) and a person’s educational (r = .56) and occupational (r = .43) achievement indicated 
by the years spent in education, the highest level of education and scores on occupational scales 
measuring occupational status. Here, the question arises where these superior problem-solving 
abilities in highly intelligent individuals come from. The present work sought to specify the basic 
information processes that differ as a function of intelligence and might underlie individual dif-
ferences in problem-solving leading to differences in academic achievement. We were especially 
interested in processes underlying mathematical abilities. Mathematics have a main importance 
in our technological society (Ashcraft & Krause, 2007). Problem-solving constitutes the center 
of mathematics (Halmos, 1980) and both are highly associated with FI. 
1.1 Intelligence, Problem-Solving and Mathematical Abilities 
Cattell (1987) defines FI as “an expression of the level of complexity of relationships which an 
individual can perceive and act upon when he does not have resource to answer to such complex 
issues already stored in memory” (p. 115). Thus, high FI is useful in particular for solving new 
tasks (Carpenter, Just, & Shell, 1990). FI is strongly related to reasoning abilities, such as select-
ing relevant or inhibiting irrelevant information to identify complex relations (Hofstadter, 1995; 
Holyoak & Thagard, 1995; van der Meer, 1996), to math’s marks (Liepmann, Beauducel, 
Brocke, & Amthauer, 2007), and to the performance on the Scholastic Aptitude Test Mathemat-
ics (Gallagher, 1989). 
Mathematics is characterized by an astonishing diversity, covering countless subdivisions 
with more than 5,000 different classes and it takes a wide range of different levels of complexity. 
Previous research on mathematical abilities mainly focused on one single discipline, mostly on 
numeracy or mental arithmetic (Floyd, Evans, & McGrew, 2003; Kyttälä & Lehto, 2008). In the 
present work, we were concerned with the cognitive processes during problem-solving that vary 
as a function of FI across different mathematical subdivisions (i.e., geometry, arithmetic, and 
algebra) and levels of task complexity. This is of interest as one key aspect of FI is the flexibility 
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that enables individuals to adapt to such a variety of demands (Carpenter et al., 1990). Thus, we 
aimed to better understand the source of this FI-related flexibility in mathematical cognition. 
1.2 Task Demands and How Working Memory Works for High FI 
The solving of mathematical problems requires working memory (WM) resources (DeStefano & 
LeFevre, 2004; Kyttälä & Lehto, 2008), which are associated with FI (Kyllonen & Christal, 
1990). WM “refers to a brain system that provides temporary storage and manipulation of the 
information necessary for […] reasoning” (Baddeley, 1992, p. 556). Research on WM and math-
ematical cognition commonly takes Baddeley’s multi-component model as a basis (DeStefano & 
LeFevre, 2004). Accordingly, WM comprises 1) the central executive performing control func-
tions (e.g., allocation of attention); 2) the phonological loop storing and rehearsing speech-based 
information; and 3) the visuospatial sketch pad storing and rehearsing visual information 
(Baddeley, 1986, 1992, 1996; Baddeley & Hitch, 1974)
1
. During problem-solving the involve-
ment of each component depends on factors such as task content (e.g., numerical vs. figural 
relying on the phonological loop vs. visuospatial sketch pad; DeStefano & LeFevre, 2004). 
Across different mathematical subdivisions, WM demands are affected by task complexity 
(Ayres, 2001; Ayres & Sweller, 1990; Tronsky, 2005) since task complexity is often linked to 
the number of steps and required cognitive processes in problem-solving. WM demands are es-
pecially high for complex multi-step problems where much information has to be maintained and 
processed. Moreover, task complexity affects the individuals’ selection of solution strategies 
(Ashcraft & Krause, 2007; Bethell-Fox, Lohman, & Snow, 1984), characterized by the involve-
ment of different cognitive processes and as a result differing in their WM demands (Hecht, 
2002; Loesche, Wiley, & Hasselhorn, 2015). Another factor influencing WM demands is learn-
ing. Learning alters the involvement of cognitive processes due to changes in strategy selection 
(i.e., the employment of less demanding strategies). Moreover, the involved cognitive processes 
may get more automated (i.e., less demanding; Carpenter et al., 1990; Schoenfeld, 1992), though, 
a reduction of WM demands due to automatization is controversial (e.g., Tronsky, 2005). 
FI is known to influence the experienced task complexity, the strategy selection and learning 
during mathematical problem-solving and, thus, WM demands. WM abilities are positively re-
lated to mathematical performance (for review, see Raghubar, Barnes, & Hecht, 2010) and FI 
(Ackerman, Beier, & Boyle, 2005), giving individuals with high compared to average or low FI 
an advantage especially in complex tasks. Moreover, high FI is associated with a more appropri-
ate selection of solution strategies (Hoard, Geary, Byrd-Craven, & Nugent, 2008). These differ-
                                                          
1
 Baddeley (2000) proposed a fourth component, the episodic buffer, which temporarily binds information from the 
other components. Since the episodic buffer plays only a minor part in most literature on mathematical cognition 
(DeStefano & LeFevre, 2004), it is not considered at this point. 
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ences in strategy selection are accompanied by differences in the involved cognitive processes 
and related WM demands. In addition, higher FI results in stronger learning effects (Blair, 2006; 
Haier, Siegel, Tang, Abel, & Buchsbaum, 1992) and decreases in required WM resources. 
In sum, task demands depend on several factors such as task complexity, learning, and used 
strategy. They determine the set of involved cognitive processes varying in WM demands. 
Moreover, the three factors stated here are all related to FI. By contrast, FI-related differences in 
specific cognitive processes (e.g., maintaining information) are less well-understood. Studies on 
how such differences are reflected in mathematical performance across different subdivisions 
and dependent on different factors such as task complexity, learning, and strategy are pending. 
1.3 Learning Analogical Reasoning and Simplifying Complex Terms 
The present work aimed at specifying cognitive processes that differ dependent on FI and are 
related to differences in performance on mathematical problems varying in task complexity and 
level of learning. We chose task material including unfamiliar geometric analogy tasks (Study I 
and Study II) and arithmetic and algebraic problems typically found in education (Study III). 
1.3.1 Cognitive Processes in Geometric Analogical Reasoning 
Analogical reasoning amounts to transferring information from a source domain to a target do-
main based on similarities (i.e., analogies) between the two (Hofstadter, 2001). Analogies play a 
crucial role in mathematical cognition since problem-solving requires the mapping of representa-
tions of known problems and operations on the relational representation of the problem at hand 
(for review, see Dixon, 2005). Solving analogy tasks involves sub-processes such as building 
representations of structures, selecting relevant features, identifying relations in the source do-
main, transferring them to the target domain, and finally evaluating the analogy (Gentner, 1983; 
Holyoak & Morrison, 2005; Kokinov & French, 2003; Mulholland, Pellegrino, & Glaser, 1980). 
Solving geometric analogy tasks sparsely requires domain-specific knowledge and is suitable for 
purely measuring analogical reasoning processes (Hosenfeld, Van den Boom, & Resing, 1997). 
Individuals with high compared to average FI show a better performance (shorter response 
times (RTs), lower error rates) when they solve geometric analogy tasks (Preusse, van der Meer, 
Deshpande, Krueger, & Wartenburger, 2011; van der Meer et al., 2010). These differences in 
performance may be associated with a different use of strategies. Studies showed that individuals 
with high FI spent more time on the planning phase (i.e., processes in the source domain, e.g., 
identifying relations) during analogical reasoning than individuals with average FI (Bethell-Fox 
et al., 1984; Ullwer et al., 2009). The latter tend to rely on a trial-and-error technique, where rela-
tions are mapped on the target domain to exclude false answers (execution phase). The first 
strategy, constructive matching, is more demanding but also more effective than the second, 
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response elimination. Earlier studies neither specified FI-related differences in individual cogni-
tive processes involved in the execution of a strategy (e.g., identifying relations) nor did they test 
how such differences in analogical reasoning find expression in other mathematical subdivisions. 
1.3.2 Cognitive Processes in Arithmetic and Algebraic Problem-Solving 
Solving arithmetic or algebraic problems is practiced to a large extent in school. However, 
arithmetic and algebraic problems can be solved in many ways. Primarily, the literature distin-
guishes fact retrieval (from long-term memory) from procedural strategies. Fact retrieval (e.g., 
times tables) is cognitively less demanding than procedural strategies (De Smedt, Grabner, & 
Studer, 2009) and is commonly used in well-known easy tasks (Ashcraft, 1992). In comparison, 
procedural strategies (e.g., decomposition) are often found in more complex tasks with larger 
problem size (e.g., 14×17). Besides the retrieval of rules (Tolar, Lederberg, & Fletcher, 2009) 
and facts (e.g., after decomposition), procedures require magnitude processing (i.e., representing, 
assessing, and manipulating magnitudes; see also De Smedt, Noël, Gilmore, & Ansari, 2013), 
memory storage and updating (e.g., maintaining interim results; Passolunghi & Pazzaglia, 2004), 
and executive processes (e.g., planning and sequencing calculation steps; DeStefano & LeFevre, 
2004; inhibiting pre-potent arithmetical responses in algebra; McNeil & Alibali, 2005). 
Individuals with high compared to average FI show better performance when they solve 
arithmetic and algebraic problems (Dix & van der Meer, 2015). Moreover, Hoard et al. (2008) 
found that children with high FI use more mature strategies (e.g., decomposition instead of finger 
counting) and, in response to more complex problems, they shift from memory-based (i.e., high 
WM demands) to counting strategies, whereas children with average FI perseverate using fact 
retrieval without success. Thus, in accordance with the adaptive strategy choice model (Siegler 
& Shipley, 1995), children with high FI adaptively select backup strategies (e.g., slower counting 
strategies) when these help to produce correct answers during highly demanding tasks (Lemaire 
& Siegler, 1995). Earlier studies did not specify FI-related differences in individual cognitive 
processes involved in arithmetic and algebraic problem-solving (e.g. memory storage and updat-
ing) and how they are related to differences in mathematical performance. 
1.4 Neural Mechanisms Underlying Mathematical Problem-Solving and High FI 
There is evidence that differences in cognitive processes during mathematical problem-solving 
are reflected in differences in specific neural activation patterns. For instance, neural activity 
depends on problem size (e.g., Van Beek, Ghesquier, De Smedt, & Lagae, 2014), learning (e.g., 
Ischebeck et al., 2006), and the employed strategies (e.g., Grabner & De Smedt, 2011). Thus, we 
deemed the analysis of neural activity during problem-solving as being useful to specify FI-
related differences in cognitive processes underlying mathematical abilities. 
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1.4.1 The Parieto-Frontal Network 
Mathematical cognition involves a bilateral parieto-frontal network (Emerson & Cantlon, 2012; 
Preusse et al., 2011; Stocco & Anderson, 2008; Zago et al., 2001). When solving geometric 
analogy tasks, general frontal and parietal activity is associated with spatial encoding, WM pro-
cesses like inhibiting irrelevant information (for review, see Constantinidis & Wang, 2004; 
Klingberg, 2006; Linden, 2007), and a categorical mapping between the source and target do-
main (A. E. Green, Fugelsang, & Dunbar, 2006; Wartenburger, Heekeren, Preusse, Kramer, & 
van der Meer, 2009). For these cognitive processes, studies do not report region-specific associa-
tions with neural activity during geometric analogical reasoning. However, the prefrontal cortex 
(PFC) has been associated with the integration of lower-order relations into an abstract relation 
(Christoff et al., 2001; A. E. Green, Fugelsang, Kraemer, Shamosh, & Dunbar, 2006; Kroger et 
al., 2002; Wharton et al., 2000), which is also relevant for solving typical tests measuring FI such 
as Raven’s advanced progressive matrices (RAPM; Raven, 1958). 
When solving arithmetic and algebraic problems, memory storage/updating, executive pro-
cesses and retrieval from long-term memory are linked to more frontal regions and the PFC 
(Braver et al., 2001; Stocco & Anderson, 2008). Number processing is associated with parietal 
activity. Dehaene, Piazza, Pinel, and Cohen (2003) distinguished three parietal circuits that cor-
respond to the representational systems of Dehaene’s triple-code model (1992): (1) the bilateral 
horizontal segment of the intraparietal sulcus engages in nonverbal semantic representations of 
number size or distance relations (quantity system); (2) the left angular gyrus engages in verbal 
representations of numerals (verbal system); and (3) the bilateral posterior superior parietal lobe 
engages in the encoding of numbers as Arabic strings (visual system). Studies report differences 
in activity of these regions dependent on mathematical abilities (greater activity in the left 
angular gyrus for high compared do average abilities; Grabner et al., 2007), WM and FI 
(association with PFC functioning; for review, see Kane & Engle, 2002; greater activity in the 
parietal sulcus for high compared to average FI; K. H. Lee et al., 2006). One assumption used to 
explain FI-related differences in neural activity is that neural efficiency underlies high FI. 
1.4.2 Neural Efficiency and the Event-Related (De-)Synchronization as Neural Correlates 
of Cognitive Processes in Mathematical Problem-Solving 
According to the parieto-frontal integration theory (P-FIT; R. E. Jung & Haier, 2007), high FI is 
accompanied by a different activation of the parieto-frontal network. The neural efficiency hy-
pothesis by Haier et al. (1988) states that “intelligence is not a function of how hard the brain 
works but rather how efficiently it works” (Haier, Siegel, Tang, et al., 1992, pp. 415-416). Thus, 
individuals with high compared to average FI were assumed to show a reduced brain activity, 
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which is, however, moderated by factors such as task difficulty, familiarity, learning, and brain 
region (for review, see Neubauer & Fink, 2009a). Briefly, neural efficiency is particularly pre-
sent in easy, familiar tasks and mostly concerns frontal brain regions. 
The event-related (de-)synchronization (ERD/ERS) in the alpha band of the electroencepha-
logram (EEG; for description, see 3.2), indicating general cortical activity (Klimesch, 1999), was 
used in several studies to determine the impact of FI on the recruitment of the parieto-frontal 
network and its neural efficiency (e.g., Neubauer & Fink, 2009b). In addition, the ERD/ERS in 
the alpha sub-bands and in the theta band can be used to distinguish between different cognitive 
processes. The upper alpha ERD (ca. 11-13 Hz) is topographically restricted to task-relevant 
brain areas and correlates with task-specific processes. For instance, Klimesch, Schimke, and 
Schwaiger (1994) reported a left-hemispheric upper alpha ERD during a semantic analogy task, 
which can be associated with semantic memory processes (Martin & Chao, 2001). By contrast, 
the widespread lower alpha ERD measures attentional processes. More precisely, the lower-1 
alpha ERD (ca. 7-9 Hz) refers to alertness/arousal and the lower-2 alpha ERD (ca. 9-11 Hz) to 
expectancy (Klimesch, Doppelmayr, Russegger, Pachinger, & Schwaiger, 1998). However, to 
our knowledge, there are no studies specifying the relation between these ERD/ERS measures 
and cognitive processes during geometric analogy tasks and how processes are affected by FI. 
For arithmetic problem-solving, the following associations between different ERD/ERS 
measures and cognitive processes are known: (1) a left-hemispheric fronto-central and parieto-
occipital theta ERS reflects fact retrieval; (2) a bilateral parieto-occipital upper alpha ERD or a 
widespread lower alpha ERD reflect procedural strategies involving magnitude processing, 
memory storage/updating, and executive processes (De Smedt et al., 2009; Grabner & De Smedt, 
2011); (3) a lower-1 alpha ERS reflects memory storage/updating (Jensen & Tesche, 2002); and 
(4) a frontal theta ERS reflects executive processes (Klimesch, Sauseng, & Hanslmayr, 2007). 
However, to our knowledge, there are no studies on arithmetic and algebraic problem-solving 
that evaluate the impact of FI on these ERD/ERS measures and associated cognitive processes. 
Evaluating differences in these ERD/ERS measures provides a promising approach to determine 
those associated cognitive processes that are affected by FI and might constitute a source of indi-
vidual differences in mathematical abilities. 
1.4.3 Differences in Neural Efficiency: The Impact of Strategy Selection and Execution 
Poldrack (2015) recently pointed out that studies taking differences in brain activity (i.e., neural 
efficiency) as basis for explaining individual differences face a serious problem as they rely on 
the assumption that individuals perform the same computations for problem-solving without test-
ing it. Thus, they cannot distinguish between differences in neural activity stemming from the 
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use of different strategies (and corresponding cognitive processes) and from differences in the 
execution of the same strategy/cognitive processes. For instance, learning is known to induce 
changes in strategy (Lemaire & Siegler, 1995). Since different strategies are associated with dif-
ferent brain activation patterns (Glabus, 2003; Grabner & De Smedt, 2011; K. Lee et al., 2010), 
learning-related changes in brain activity are often assumed to reflect changes in the strategy 
selection (Bernstein, Beig, Siegenthaler, & Grady, 2002; Haier, Siegel, MacLachlan, et al., 1992; 
Kelly & Garavan, 2005). However, according to Jonides (2004), learning-related changes in 
brain activity might also reflect an improvement to execute the initial strategy. 
For geometric analogy tasks, studies indicate that students with average and high FI rely on 
the use of different strategies. Bethell-Fox et al. (1984) showed that high FI is associated with a 
more frequent use of the more demanding strategy constructive matching to solve geometric 
analogy tasks. Moreover, the lower the FI score the more often individuals change the strategy in 
difficult tasks from constructive matching to response elimination. More recent studies do not 
report such strategy changes (Ullwer et al., 2009; Vigneau, Caissie, & Bors, 2006) and, in other 
mathematical subdivisions such as arithmetic, strategy changes for problem-solving even occur 
more often for individuals with high compared to average FI (Hoard et al., 2008). These changes 
were interpreted as a more adaptive strategy choice for high FI (cf. adaptive strategy choice 
model; Siegler & Shipley, 1995). Though the exact differences in strategy use dependent on FI 
need to be further defined, especially differences in the adaptive use according to task demands, 
all these earlier studies suggest that FI affects strategy selection. Thus, differences in the cortical 
activity might result from the use of different strategies and/or from differences in the execution 
of the same strategy. This emphasizes the need to test individual differences in strategy selection 
and to control for such differences when evaluating FI-related differences in neural efficiency 
during problem-solving. 
In conclusion, research on FI-related differences in individual cognitive processes during 
mathematical problem-solving and their generalizability across different subdivisions remains 
pending. Moreover, studies on the neural mechanisms that are associated with these cognitive 
processes and might underlie mathematical abilities do not consider FI-related differences in 
strategy use and, thus, do not allow making clear conclusions about FI-related differences in the 
execution of strategies and related cognitive processes. 
2 Research Questions and Hypotheses 
The present work aimed at specifying cognitive processes and underlying neural mechanisms 
that differ as a function of FI and might be related to differences in performance when individu-
als solve mathematical problems from different subdivisions (geometry, arithmetic, and algebra) 
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that vary in task complexity and familiarity. Thus, this work sought to contribute to a better un-
derstanding of the flexibility that enables individuals with high FI to adapt to the variety of dif-
ferent demands in mathematical problem-solving. 
Analogical reasoning is a core process in problem-solving (Hofstadter, 2001) and plays an 
important role in mathematical cognition (Dixon, 2005). Studies on geometric analogical reason-
ing revealed effects of FI (Preusse et al., 2011) and short-term learning (Wartenburger et al., 
2009) on performance and neural activity. In these studies subjects were highly familiar with the 
task and learning effects were not assessed comparing different levels of FI. However, high FI 
particularly enables to deal with new tasks (Carpenter et al., 1990) and Haier, Siegel, Tang, et al. 
(1992) showed that learning-related increases in neural efficiency are positively correlated with 
FI. Especially during early phases of learning, where WM resources are of particular importance, 
FI should influence learning-induced changes (Ackerman, 1987, 1988). Thus, in Study I, we 
addressed the following main questions: Are there FI-related differences in performance and 
neural efficiency and their change during the early phase of (short-term) learning when individu-
als with average and high FI solve unfamiliar geometric analogy tasks? With which cognitive 
processes and underlying neural mechanisms are these differences associated? 
 Hypothesis I-I: Individuals with high FI outperform individuals with average FI (shorter 
RTs, fewer errors). Performance improves across the experiment (shorter RTs, fewer errors 
in the second compared to the first half of the experiment). 
 Hypothesis I-II: FI affects neural efficiency (Preusse et al., 2011) defined as amount of 
cortical activity. Individuals with high compared to average FI show for the broad alpha 
band a greater parieto-occipital ERD, indicating greater cortical activity (Klimesch, 1999), 
and a smaller frontal ERD, indicating smaller cortical activity. 
 Hypothesis I-III: The ERD in the broad alpha band decreases across the experiment re-
sulting in a smaller alpha ERD in the second half of the experiment compared to the first, 
especially for individuals with high compared to average FI. 
 Addendum: We differentiated between the two lower and the upper alpha band (for 
specification, see 1.4.2) to identify cognitive processes (building representations, selecting 
features, identifying relations, mapping relations, evaluating the analogy; see 1.3.1) that are 
associated with differences in neural efficiency dependent on FI and short-term learning. 
Recently, Poldrack (2015) emphasized the need to consider differences in strategy use when 
evaluating FI-related differences in neural efficiency. Bethell-Fox et al. (1984) showed that the 
higher FI was, the more often individuals selected constructive matching to solve geometric 
analogy tasks. Further, the lower the FI score was, the more often individuals changed the strate-
gy from constructive matching to response elimination for difficult tasks. The authors analyzed 
eye movements to identify different strategies. However, findings on the occurrence of strategy 
changes are inconsistent (Ullwer et al., 2009; Vigneau et al., 2006). In other mathematical subdi-
visions, high, but not average FI, is associated with strategy changes with increasing task de-
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mands allowing for better performance (Hoard et al., 2008). According to Poldrack (2015), dif-
ferences in neural activity might stem from the use of different strategies or from differences in 
the execution of the same strategies. To evaluate FI-related differences in the execution of strate-
gies, we need to control for differences in strategy use (see also Grabner & De Smedt, 2011). 
Thus, in Study II, we addressed the following main questions: Are FI-related differences in 
strategy use and related performance apparent when individuals with average and high FI solve 
an unfamiliar geometric analogy task? When controlling for differences in strategy selection, are 
there FI-related differences in neural efficiency indicating differences in strategy execution? 
 Hypothesis II-I: Eye movements and associated strategies differ dependent on FI. An in-
crease in error rates accompanies strategy changes dependent on task difficulty in individuals 
with average FI (Bethell-Fox et al., 1984) but not with high FI (Hoard et al., 2008). 
 Hypothesis II-II: When controlling for strategy, a greater parieto-occipital ERD and a 
smaller frontal ERD in the broad alpha band (see Hypothesis I-II) indicate differences in 
neural efficiency of strategy execution. 
In the long-run, high FI might facilitate acquiring task-relevant knowledge and procedures 
(Blair, 2006). Individuals with high FI solve familiar arithmetic and algebraic tasks faster and 
more accurately than individuals with average FI (Dix & van der Meer, 2015). Hoard et al. 
(2008) found that FI affects strategy selection in arithmetic problem-solving. The use of different 
strategies is accompanied by a different involvement of task-relevant cognitive processes such as 
fact retrieval, magnitude processing, memory storage/updating, and executive processes. How-
ever, studies that determine the individual relation between these cognitive processes and FI in 
order to identify sources of individual differences in performance are pending. Thus, in 
Study III, we addressed the following main questions: Which cognitive processes and underly-
ing neural mechanisms are affected by FI when individuals solve familiar arithmetic and alge-
braic problems with varying complexity? How are these differences related to performance? 
 Hypothesis III-I: Individuals with high FI outperform individuals with average FI (short-
er RTs, fewer errors). 
 Hypothesis III-II: Individuals with high FI use fact retrieval more often (Hoard et al., 
2008) than individuals with average FI, show a superior processing of magnitudes 
(Kroesbergen, Van Luit, Van Lieshout, Van Loosbroek, & Van de Rijt, 2009), and an ad-
vantage in memory storage/updating, and executive processes (Friedman et al., 2008). These 
differences in cognitive processes are reflected in the ERD/ERS of the theta band and the 
three alpha sub-bands with the above mentioned associations (for specification, see 1.4.2). 
3 Methods 
3.1 Participants and Testing 
Participants were students recruited within a project of the Berlin Senate Department and the 
Department of Mathematics at Humboldt-Universität zu Berlin supporting mathematically gifted 
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students from Berlin schools specialized in mathematics and natural sciences (http://www-
didaktik.mathematik.hu-berlin.de/netzwerk.html). Participating students (N = 110; 44 female; 
age: M = 15.8 years; 10
th
 Grade) and their parents gave informed written consent prior to the 
investigation. Each study was approved by the ethics committee of the Humboldt-Universität zu 
Berlin and followed American Psychological Association standards and the Declaration of Hel-
sinki (World Medical, 2013). 
First, students underwent psychometric testing (group testing) in the school facilities. Stu-
dents gave their age, gender, and grades in the
 
ninth Grade. They stated the highest professional 
qualification of their parents as an indicator of the students’ socioeconomic background and an-
swered questions about parental support on a five-point Likert scale. Afterwards, each student’s 
FI was assessed with the Bochumer Matrizentest – advanced (BOMAT; Hossiep, Hasella, & 
Turck, 2001). According to their BOMAT scores, we assigned students with raw scores below 
17 – which corresponds to a Sten score of 7 (M = 5.5, SD = 2) in a highly selective norm sample 
consisting of above average intelligent individuals – to the group of students with average FI and 
students with raw scores of 17 or higher to the group of students with high FI. A subsample of 
both groups took part in the two follow-up EEG experiments, controlling for socioeconomic 
background and the students’ ratings of parental support. All students had normal or corrected-
to-normal vision, no neurological or psychiatric diseases and were not taking any medication. 
Students were paid for their participation (€ 8.00 per hour). 
Experiment I (duration: 3.5 hours) took place five months after psychometric testing, with 79 
participants being included in the final analyses for Study I (28 female
2
; age: M = 15.78 years, 
SD = 0.54). A subsample of 49 students, for which eye movements were recorded during testing, 
were included in the final analyses for Study II (18 female; age: M = 15.82 years, SD = 0.50). 
Experiment II (duration: 2.5 hours) took place 12 months after psychometric testing, with 60 
participants being included in the final analyses for Study III (23 female; age: M = 15.75 years, 
SD = 0.55). Both experiments were individual testing sessions in an EEG laboratory, where par-
ticipants sat in front of a monitor at a distance of 50 cm (size: 18″; resolution: 1,280 × 1024). 
3.2 EEG and the ERD/ERS 
The EEG is a non-invasive measurement of voltage fluctuations along the scalp reflecting elec-
trical activity within the neurons of the brain (Niedermeyer & Lopes da Silva, 2004). The meas-
ured brain activity in the EEG consists of different brain rhythms or oscillations, that is, regularly 
                                                          
2
 Gender has been shown to influence the relationship between intelligence and neural efficiency (e.g., Neubauer, 
Grabner, Fink, & Neuper, 2005). To control for an unequal gender distribution in the two groups, we also ran all 
EEG analyses incorporating gender as a covariate. Results are comparable to those without the covariate gender. For 
reasons of clarity and comprehensibility we only report results from the simpler analyses without covariate. 
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recurring waves which can be classified according to their frequency. Cognitive processes are 
accompanied by changes of these oscillations, for instance, changes in phase or amplitude. 
Changes within a certain frequency range or band are assumed to reflect the activation of func-
tional networks of the brain (Klimesch, Schack, & Sauseng, 2005). The ERD/ERS method quan-
tifies task-related changes in power (i.e., amplitude) by comparing the power during a task (test 
interval, A) with the power during a preceding reference interval (R) at rest (Pfurtscheller & 
Aranibar, 1977; Pfurtscheller & Lopes da Silva, 1999). We describe the definition of intervals 
for tasks used in the present work in 4.2.1 and 6.2.1. Calculating the percentage change in the 
power with %ERD/ERS = (R-A)/R, gives positive values when power decreases (desynchroniz-
ing neurons; ERD), and negative values when power increases (synchronizing neurons; ERS). 
We used the ERD/ERS in the alpha band (ca. 8-13 Hz) as indicator of general cortical activity 
(Klimesch, 1999) and, in addition, the ERD/ERS in the three alpha sub-bands and the theta band 
(ca. 4-7 Hz) to distinguish between associated cognitive processes (for description, see 1.4.2). 
Individuals’ alpha frequency is affected by several external and internal factors such as task 
demands (Klimesch, Schimke, & Pfurtscheller, 1993) and FI (Anokhin & Vogel, 1996). The use 
of fixed frequency bands for ERD/ERS computation can lead to distorted estimations of changes 
in band power (e.g., for individuals with exceptional slow or fast alpha rhythms). Thus, we de-
termined each participant’s individual alpha frequency (IAF) and defined the theta and alpha 
bands individually according to the frequency ranges described in Klimesch (1999). For that, we 
recorded participants’ resting state EEG first with closed eyes and, second, with opened eyes at 
the beginning of Experiment I. With open eyes alpha power desynchronizes (Berger, 1930) and 
the responsiveness region of the alpha rhythm can be measured. We used a channel reactivity 
based (CRB) algorithm proposed by Goljahani et al. (2012), which first identifies the alpha re-
sponsiveness region and then determines the spectral gravity center over this region for each 
channel (channel alpha frequency, CAF). We defined the IAF as mean of all CAFs. 
3.3 Eye Movements 
Several studies analyzed eye movements to evaluate strategic differences in solving geometric 
analogy tasks (e.g., Vigneau et al., 2006). Fixations indicate the focus of visual attention (Just & 
Carpenter, 1976). The frequency (i.e., number) and duration of fixations on task-relevant areas 
are positively correlated with problem-solving abilities (H. J. Green, Lemaire, & Dufau, 2007). 
The scan path is an indicator of the information search process during problem-solving (Sprague 
& Ballard, 2003). For geometric analogy tasks, Bethell-Fox et al. (1984) used these different eye 
movement parameters to distinguish between strategies. Constructive matching was character-
ized by a smaller frequency but longer duration of fixations compared to response elimination. 
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The total scan path length and fixation duration on the source domain during planning was long-
er for constructive matching than for response elimination. In accordance with Landgraf et al. 
(2011), using similar stimuli, we counted midline crossings (i.e., the number of crossings be-
tween source and target domain) to identify strategies. One midline crossing indicates the em-
ployment of constructive matching, more than two midline crossings the employment of re-
sponse elimination. 
We followed the approach of Dimigen, Sommer, Hohlfeld, Jacobs, and Kliegl (2011) for the 
co-registration of data. The EEG- and eye movement data were thoroughly synchronized using 
shared transistor-transistor logic (TTL) trigger. We avoided contact pressure artifacts in the EEG 
from the forehead rest of the eye-tracker by fixing a foam-cushion on participants’ forehead and 
muscle artifacts from neck muscles by carefully adapting participants’ seating position. To ac-
count for electromagnetic artifacts from the eye-tracker (50 Hz) we applied a notch filter to the 
EEG data. After performing an Independent Component Analysis (ICA), we used a component-
based artifact rejection (T.-P. Jung et al., 2000) to correct for corneoretinal and myogenic eye 
movement artifacts in the EEG. The luminance of stimuli was controlled for and the contrast 
within and between stimuli and the light-grey background was minimized to reduce saccade-
related differences in the amplitude of the visual-driven lambda response (Kazai & Yagi, 2005), 
potentially affecting the EEG power. 
4 Summary of Study I “The Role of Fluid Intelligence and Learning in Analogical Rea-
soning: How to Become Neurally Efficient?” 
4.1 Theoretical Background 
Study I evaluates the impact of FI on adaptive changes in neural efficiency due to short-term 
learning while solving an unfamiliar geometric analogy task. Analogical reasoning is a core pro-
cess in problem-solving (Hofstadter, 2001). In a familiar geometric analogy task, Preusse et al. 
(2011) showed that high compared to average FI was associated with better performance and 
greater activity in parieto-occipital brain regions but smaller activity in frontal brain regions. 
However, learning also affects neural efficiency (for review, see Neubauer & Fink, 2009a) and 
the impact of learning (i.e., increasing neural efficiency; Wartenburger et al., 2009) might vary 
dependent on FI, with greater activity decreases in individuals with high FI than in those with 
average FI during learning (Haier, Siegel, Tang, et al., 1992; Neubauer, Grabner, Freudenthaler, 
Beckmann, & Guthke, 2004). 
The purpose of this study was to evaluate the impact of FI and short-term learning on neural 
efficiency when solving unfamiliar geometric analogy tasks. By analyzing the alpha ERD, indi-
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cating cortical activity (Klimesch, 1999), while differentiating between the alpha sub-bands, we 
aimed to specify cognitive processes (e.g., identifying relations) and neural mechanisms underly-
ing FI-related differences in analogical reasoning abilities. 
4.2 Methods 
Participants with average (N = 37) and high (N = 42) FI solved unfamiliar geometric analogy 
tasks. Each trial started with a fixation cross displayed in the center of the screen for 3,000 ms 
(reference interval: from 1,500 ms until 2,500 ms after stimulus presentation). Afterwards, the 
analogy task appeared consisting of two pairs of patterns, a source pair and a target pair (see 
Figure 1). Within each pair, patterns were presented in one out of five alignments: mirrored at 
the vertical, the horizontal, the major (falling) or minor (rising) diagonal, or no mirroring at all 
(identical condition). Participants were instructed to decide as quickly and as accurately as pos-
sible whether both pairs showed the same type of relation (analogy, 50%) or different types of 
relation (distractor, 50%). The test interval for the %ERD/ERS computation was defined as the 
time between task presentation and the pressing of the response button. A variable inter-trial in-
terval (250-750 ms) with a centered fixation cross completed a trial. 
 
Figure 1. Example of an analogy item: horizontal relation in source (A : A’) and target (B : B’) pair (top left); a 
distractor item: major diagonal relation in the source and minor diagonal relation in the target pair (bottom left); and 
the five possible alignments (right): identical (easy), mirrored at the vertical and the horizontal (moderate), and 
mirrored at the major (falling) and minor (rising) diagonal (hard). 
RTs, error rates, and the EEG were recorded as dependent variables. Technical and myogenic 
artifacts were removed from EEG data. Error trials, outliers (i.e., trials with exceptional short or 
long RTs) and distractor trials were not considered for the analyses. We performed mixed-design 
analyses of variance (ANOVAs) on behavioral data and the %ERD/ERS for the broad alpha 
band and the alpha sub-bands while distinguishing between easy (identical relation), moderate 
(vertical and horizontal relations), and hard (both diagonal relations) tasks and between trials 
from the first half of the experiment and trials from the second half. For EEG data, we compared 
effects for the two hemispheres and three regions of interest (ROI; frontal: Fp1/2, AF3/4, F3/4 
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F7/8, FC1/2; central: FC5/6, FT7/8, C3/4, CP5/6, TP7/8; parieto-occipital: P3/4, P7/8, PO3/4, 
PO7/8, PO9/10). 
4.3 Results 
First, high FI was associated with a faster and more accurate performance than average FI, which 
was especially pronounced in difficult tasks. In the broad alpha band, participants with high 
compared to average FI showed greater right-hemispheric cortical activity in hard tasks. In the 
lower-2 alpha band, participants with high FI exhibited greater cortical activity over left-central 
brain regions than participants with average FI. 
 
Figure 2. Topographic distribution of the alpha %ERS/ERD during hard tasks for students with high (high-FI; left) 
and average fluid intelligence (average-FI; middle) and the difference between high FI and average FI (right) in the 
first (top) and second half (bottom) of the experiment. 
Second, learning led to a faster and more accurate performance in the second half of the experi-
ment compared to the first half, especially in difficult tasks. In the broad alpha band, learning in 
participants with average FI was associated with increased right-hemispheric cortical activity for 
hard tasks (see Figure 2). For participants with high FI, learning was associated with decreased 
right-hemispheric cortical activity for moderate tasks. In the lower-1 alpha band, we found a 
greater left- than right-hemispheric cortical activity for both groups in the first half of the exper-
iment, but not in the second half. 
4.4 Discussion 
This study on the solving of unfamiliar geometric analogy tasks shed light on cognitive process-
es that are influenced by FI and short-term learning and associated with differences in perfor-
mance and neural efficiency. The results support Hypothesis I-I on FI and learning-related dif-
ferences in performance, with a better performance for students with high compared to average 
FI (see also van der Meer et al., 2010) and a learning-related improvement in performance from 
the first to the second half of the experiment (see also Carpenter et al., 1990). 
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Hypothesis I-II about FI-related differences in neural efficiency is only partly supported. 
Right-hemispheric cortical activity in the alpha band was greater for students with high com-
pared to average FI over parietal regions (see also Preusse et al., 2011) but also frontal regions 
and only for hard tasks. By analyzing the alpha sub-bands, we could attribute the FI-related dif-
ferences in cortical activity to cognitive processes reflected in the lower-2 alpha band suggesting 
FI-related differences in attentional processes (see also Klimesch et al., 1998). 
Hypothesis I-III about learning-induced increases in neural efficiency was supported for stu-
dents with high FI. For students with average FI, neural efficiency decreased from the first to the 
second half of the experiment. In the alpha sub-bands, learning-related differences in cortical 
activity were restricted to cognitive processes reflected in the lower-1 alpha band suggesting a 
learning-related change in expectancy formation (see also Klimesch et al., 1998). See 7.2 and 
7.4.3 for further discussion. 
5 Summary of Study II “The Power of Thinking Strategically: Strategy Use Explains 
Differences in Neural Efficiency during Analogical Reasoning” 
5.1 Theoretical Background 
Study II evaluates the impact of FI on strategy selection and neural efficiency of strategy execu-
tion while solving unfamiliar geometric analogy tasks. Earlier studies on FI-related differences in 
neural efficiency are based on the assumption that individuals perform the same computations 
for problem-solving, an assumption usually not tested and maybe not true (Poldrack, 2015). Ac-
tually, earlier studies on geometric analogical reasoning suggest FI-related differences in strategy 
selection (Bethell-Fox et al., 1984; Ullwer et al., 2009; Vigneau et al., 2006), though the exact 
differences in strategy use dependent on FI need to be further defined, especially differences in 
the adaptive use according to task demands (Hoard et al., 2008; Siegler & Shipley, 1995). 
Preusse et al. (2011) found FI-related differences in the neural activity when students solve 
geometric analogy tasks indicating differences in neural efficiency. However, FI-related differ-
ences in the type of gestures that were observed during strategy reports after the experiment by 
Preusse et al. (2011) pointed to differences in the cognitive processes and corresponding strate-
gies selected for problem-solving (Sassenberg, Foth, Wartenburger, & van der Meer, 2011). 
Thus, the purpose of this study was twofold: first, we aimed at evaluating the impact of FI on 
strategy use for solving unfamiliar geometric analogy tasks. Second, we sought to distinguish 
between FI-related differences in neural efficiency stemming from the use of different strategies 
and those due to differences in the execution of the same strategies by controlling for strategy 
(see also Grabner & De Smedt, 2011). 
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5.2 Methods 
Participants with average (N = 25) and high (N = 24) FI solved geometric analogy tasks of vary-
ing difficulty (for description, see 4.2). The size of the patterns in this task corresponded to a 
visual angle of 9.16° × 9.16°. RTs, error rates, eye movements and the EEG were recorded as 
dependent variables. Blinks were excluded from the data and we only analyzed fixations towards 
the patterns (square area that was 0.36° smaller than the pattern; gaze position accuracy: 
ca. 0.25°). Data processing was analogous to Study I. However, instead of considering effects of 
learning, we included the effect of strategy in the analyses by distinguishing between trials, in 
which constructive matching versus response elimination was employed (see Figure 3; for de-
scription, see 3.3). 
 
Figure 3. Illustration of a trial, in which constructive matching was employed (one midline crossing; left), and a 
trial, in which response elimination was employed (more than two midline crossings; right); black lines represent 
participants’ scan path, black circles illustrate fixations (the greater the circle, the longer the fixation duration). 
The validity of strategies for the two groups were tested using ANOVAs on behavioral data and 
eye movements (mean fixation duration, total number of fixations, total scan path length and 
fixation duration before the first midline crossing). Differences in strategy use for the two groups 
and different levels of task difficulty were tested using ANOVAs on RTs, error rates and per-
centage use of constructive matching. Differences in neural efficiency for the two groups were 
tested performing an ANOVA on %ERD/ERS in the alpha band. A similar ANOVA, additional-
ly comparing the different levels of task difficulty, was conducted but only with trials, where 
constructive matching was employed (17 participants did not employ response elimination for 
every level of task difficulty) 
5.3 Results 
The strategy validation revealed longer mean fixation durations for students with high compared 
to average FI. Concerning strategy use, participants with high FI changed their strategy from 
constructive matching to response elimination in moderate tasks. Participants with average FI 
employed constructive matching less often only in hard compared to easy and moderate tasks. 
While constructive matching was the more effective strategy (faster, more accurate) than re-
sponse elimination, the accuracy of constructive matching in moderate tasks was lower for par-
ticipants with average compared to high FI. Error rates increased with increasing task difficulty 
for participants with average FI (see Figure 4a). Concerning neural efficiency, the amount of 
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cortical activity did not differ between groups (see Figure 4b). However, opposed to participants 
with average FI, those with high FI activated the right hemisphere more strongly than the left. 
 
Figure 4. a. Effect (* = significant difference) of task difficulty (easy, moderate, hard) and group (students with 
high fluid intelligence, high-FI; students with average fluid intelligence, average-FI) on percentage use (± 1SE) of 
constructive matching (CM; left) and error rates (± 1SE) for all tasks (middle) and post-hoc for moderate tasks (we 
shaded easy and hard tasks as they were not included in the analysis), in which CM was employed (right); and 
b. %ERD/ERS scores (± 1SE) for each group, hemisphere (left versus right), and ROI (frontal, central, parie-
tal = parieto-occipital) displayed (from left to right) for both strategies (CM, RE) and dependent on task difficulty 
(easy, moderate, hard) for trials where CM was employed. 
5.4 Discussion 
This study shed light on FI-related differences in strategy use, the related performance and neural 
efficiency while solving unfamiliar geometric analogy tasks. Hypothesis II-I on FI-related differ-
ences in eye movements indicating differences in strategy use was supported. Students with high 
FI changed their strategy from constructive matching to response elimination for moderate and 
hard tasks, whereas strategy changes for students with average FI only occurred for hard tasks. 
The lower accuracy for employing constructive matching in moderate tasks and the increasing 
error rates in hard tasks for students with average FI indicate less adaptive strategy choices (see 
Siegler & Shipley, 1995) for these students compared to their highly intelligent peers. Strategy 
use was qualitatively comparable for the two groups, except the greater mean fixation duration in 
students with high compared to average FI. 
Hypothesis II-II about FI-related differences in neural efficiency when controlling for strate-
gy use is (partly) supported. We did not find FI-related differences in the amount of cortical ac-
tivity – even when considering the different levels of task difficulty for constructive matching. 
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However, the right-lateralization for students with high FI and the left-lateralization for students 
with average FI suggest that FI-related differences in cortical activity, we found in Study I, partly 
refer to differences in the neural efficiency of strategy execution (for further discussion, see 7.3). 
6 Summary of Study III “How Fluid Intelligence Affects Arithmetic and Algebraic Prob-
lem-Solving: Using the Theta and Alpha ERD/ERS to Separate Cognitive Processes” 
6.1 Theoretical Background 
Study III evaluates the impact of FI on the cognitive processes and neural correlates that underlie 
the solving of familiar arithmetic and algebraic problems varying in task complexity. FI has been 
shown to affect the selection of strategies (Hoard et al., 2008) and, thus, partly determines which 
cognitive processes are involved in problem-solving. In arithmetic, we distinguish between fact 
retrieval and procedural strategies. Procedural strategies involve cognitive processes such as 
magnitude processing (De Smedt et al., 2013), information storage/updating and executive pro-
cesses (for review, see DeStefano & LeFevre, 2004). Since WM resources are limited (Baddeley 
& Hitch, 1974) and positively correlated with FI (Ackerman et al., 2005) high FI might optimize 
performance by relying more strongly on processes with low WM demands (i.e., fact retrieval) 
or by providing more resources to execute processes with high WM demands. 
We were interested in the impact of FI on these cognitive processes in arithmetic and alge-
braic problem-solving. The processes are related to different ERD/ERS measures in the alpha 
sub-bands and in the theta band: (1) a left-hemispheric fronto-central and parieto-occipital theta 
ERS reflects fact retrieval; (2) a bilateral parieto-occipital upper alpha ERD or widespread lower 
alpha ERD reflect procedures including magnitude processing, memory storage/updating, and 
executive functions (De Smedt et al., 2009; Grabner & De Smedt, 2011); (3) a lower-1 alpha 
ERS reflects memory storage/updating (Jensen & Tesche, 2002); and (4) a frontal theta ERS 
reflects executive functions (Klimesch et al., 2007). We determined the impact of FI on these 
ERD/ERS measures to separate the cognitive processes and to evaluate their relations to FI. 
6.2 Methods 
Participants with average (N = 30) and high (N = 30) FI solved familiar arithmetic and algebraic 
problems (see also Dix & van der Meer, 2015). Each trial started with a fixation cross displayed 
in the center of the screen for 3,000 ms (reference interval: from 1,500 ms until 2,500 ms after 
stimulus presentation). Afterwards, the problem appeared belonging to one of six types of prob-
lems varying in complexity (see Figure 5). Participants were instructed to mentally solve the 
problem as quickly and as accurately as possible and then to request candidate answers by press-
ing a button. The test interval for the %ERD/ERS computation was defined as the time between 
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presentation of the problem and button press. After that, four candidate answers appeared ar-
ranged around an “X” in the center of the screen. Participants had to select the answer that 
matched their solution. The X had to be selected if none of the four candidate answers matched 
the participants’ solution (i.e., distractors; 20%). A variable inter-trial interval (250-750 ms) with 
a centered fixation cross completed a trial. 
 
Figure 5. Examples of arithmetic and algebraic expressions (left) with corresponding candidate answers (correct 
answers framed; middle) and a schematic illustration of a trial from left to right starting with the presentation of a 
fixation cross (right); arithmetic problem types with increasing task complexity: a) multiplication of two one-digit 
numbers or one one-digit and one two-digit number, b) canceling down of two one-digit or two-digit numbers, 
c) operations with fractions (a and b combined); algebraic problem types with increasing task complexity: 
d) simplification of basic algebraic expressions, e) simplification of advanced algebraic expressions; combined 
arithmetic and algebraic problem type: f) simplification of complex algebraic expressions (c and e combined). 
RTs, error rates, and the EEG were recorded as dependent variables. Technical and myogenic 
artifacts were removed from EEG data. Error trials, outliers and distractors were not considered 
for the analyses. Behavioral data and %ERD/ERS for the theta band and the alpha sub-bands 
were analyzed using ANOVAs distinguishing between the six problem types. For EEG data, we 
compared effects for the two hemispheres and two ROIs (fronto-central: FC1/2, FC5/6, C3/4; 
parieto-occipital: PO3/4, PO7/8, O1/2). 
6.3 Results 
First, participants with high compared to average FI solved the more complex problems (type e 
and f) faster. Second, cortical activity was greater over parieto-occipital regions than over fronto-
central regions in all alpha sub-bands. In the upper alpha band, the ERD in participants with high 
FI was greater over the right hemisphere than over the left, but only for less complex problems. 
For the most complex problems (type f), the ERD was greater over the left hemisphere than over 
the right. The inverse activation patterns over the hemispheres were observed for participants 
with average FI (see Figure 6a). In the lower-1 alpha band, participants with high compared to 
average FI exhibited a smaller parieto-occipital ERD (see Figure 6b). 
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Figure 6. a. Upper alpha %ERD/ERS scores (± 1SE) for each group (students with high fluid intelligence, high-FI; 
students with average fluid intelligence, average-FI), hemisphere (left versus right), and level of task complexity (six 
problem types; increasing complexity from left to right); and b. topographic distribution of the lower-1 alpha 
%ERD/ERS for students with high (top) and average FI (bottom) averaged across all problem types. 
6.4 Discussion 
This study shed light on FI-related differences in cognitive processes during the solving of famil-
iar arithmetic and algebraic problems. The behavioral results partly support Hypothesis III-I on 
performance differences. The high familiarity of the problems might explain that students with 
high compared to average FI performed better (shorter RTs) only on complex problems, which 
require additional memory storage/updating and executive processes. 
In line with Hypothesis III-II, we found FI-related differences in cortical activity particularly 
referring to memory storage/updating. The greater left-hemispheric upper alpha ERD in students 
with high FI for the most complex problems suggests an advantage over students with average FI 
in maintaining interim results (see also Dehaene et al., 2003; Klimesch et al., 2006; Klimesch et 
al., 2007). The greater parieto-occipital lower-1 alpha ERD in students with average compared to 
high FI suggests greater demands on number updating (see also Montojo & Courtney, 2008) for 
all problems (for further discussion, see 7.4.1 and 7.4.2). 
7 General Discussion 
7.1 Summary of Results 
Three studies were conducted to specify cognitive processes and neural mechanisms that differ 
as a function of FI and might underlie differences in problem-solving abilities across different 
mathematical subdivisions between students with average and high FI. The main findings of the-
se studies are: first, results on RTs and error rates support the view of high FI facilitating prob-
lem-solving particularly for new tasks. Students with high compared to average FI showed gen-
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erally better performance on unfamiliar geometric analogy tasks but only on complex familiar 
arithmetic and algebraic problems. 
Second, eye movements suggest a more adaptive and successful strategy choice in students 
with high compared to average FI. For solving geometric analogy tasks, students with high FI 
changed the strategy more often with increasing task difficulty than students with average FI. 
Strategy changes in students with average but not high FI were associated with a drop in perfor-
mance. 
Third, by analyzing the ERD/ERS in different frequency bands we could identify and speci-
fy FI-related differences in the cognitive processes involved in problem-solving and their execu-
tion. Specifically, students with high compared to average FI payed more attention on the pro-
cessing of novel geometric analogy tasks (lower-2 alpha). In familiar arithmetic and algebraic 
tasks, they maintained interim results for complex problems better than students with average FI 
(upper alpha), whereas for students with average FI, there were generally greater demands on 
updating numbers (lower-1 alpha). Learning led to the formation of expectancies (lower-1 alpha) 
and to an improvement in performance in analogy tasks across both groups. Further, students 
with high FI became neurally more efficient in moderate tasks due to learning, whereas for stu-
dents with average FI neural efficiency decreased in hard tasks (alpha band). Students with aver-
age and high FI differed in the neural efficiency of strategy execution (lateralization in the alpha 
band) when controlling for strategy. 
In the following, I will discuss these findings on cognitive processes and neural mechanisms 
and how they might underlie differences in performance that we found for problems from several 
mathematical subdivisions. First, I will describe the cognitive processes that differ as a function 
of FI during geometric analogical reasoning since analogies are assumed to play a crucial role for 
mathematical performance across subdivisions (for review, see Dixon, 2005). I will discuss the 
relation between FI, analogical reasoning and neural efficiency. Second, I will consider differ-
ences in strategy use and comment on the impact of strategy selection on neural efficiency. 
Third, I will describe the impact of FI on cognitive processes for solving arithmetic and algebraic 
problems and discuss the role of FI-related differences in analogical reasoning for different 
mathematical subdivisions. Moreover, I will elaborate on the impact of learning on performance 
and neural activity during the solving of mathematical problems. Finally, I am going to dwell on 
some limitations of the present work and put forward suggestions for future research. 
7.2 Analogical Reasoning: The Core of Individual Differences in Mathematical Abilities 
Hofstadter (2001) refers to analogies “as the core of cognition”. Mathematical cognition requires 
analogical reasoning for mapping representations of known problems and operations on the rela-
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tional representation of the problem at hand (for review, see Dixon, 2005). FI contributes to a 
better performance on analogical reasoning tasks (Sassenberg et al., 2011; van der Meer et al., 
2010). Moreover, Preusse et al. (2011) showed that high compared to average FI is associated 
with greater activity in parietal and smaller activity in frontal brain regions during analogical 
reasoning indicating differences dependent on FI in the involved cognitive processes. Since these 
cognitive processes are relevant for solving different mathematical problems specifying FI-
related differences in cognitive processes for analogical reasoning constitutes a promising ex-
planatory approach on the impact of FI on mathematical abilities across different subdivisions. 
7.2.1 Relational Encoding in High FI 
Study I, using unfamiliar geometric analogy tasks, pointed to FI-related differences in attentional 
processes. Students with high compared to average FI seem to invest more attentional resources 
in relational encoding, which we assume is indicated by the greater left-central cortical activity 
in the lower-2 alpha band. In line with this, successful relational encoding was found to be asso-
ciated with left-hemispheric activity (Vendetti, Johnson, Lemos, & Bunge, 2015) and relational 
memory is positively correlated with activity in centrally located regions such as the medial tem-
poral lobe and the hippocampus (Davachi, 2006). Furthermore, the lower alpha band is related to 
the encoding of information (Doppelmayr, Klimesch, Stadler, Pöllhuber, & Heine, 2002) and 
there is a positive correlation between recognition and recall of task features encoded in geomet-
ric analogy tasks and FI (Bethell-Fox et al., 1984). Interestingly, students with high FI solved 
moderate and hard tasks but not easy tasks more accurately than students with average FI. This 
could be explained by the fact that solving moderate or hard tasks required successful relational 
encoding, probably facilitated by a greater investment of attentional resources, compared to easy 
tasks (i.e., identical relation) where problems could be sufficiently solved by applying elemen-
tary perceptual comparison processes. 
We can test this assumption of a higher investment in relational encoding as potential source 
of superior performance on analogy tasks by correlating the left-central lower-2 alpha ERD (i.e., 
investment in relational encoding) with error rates while controlling for FI-group. These correla-
tions indicate a negative association between the investment in relational encoding for hard tasks 
and error rates for moderate (rFI-group = -.34, p < 01) and hard tasks (rFI-group = -.26, p < 05). Thus, 
those students that encode representations of high relational complexity can solve tasks of such 
complexity more accurately. The association between high FI and the investment in relational 
encoding revealed is in line with earlier studies on age-related changes in the ability to integrate 
relations, which requires the simultaneous representation of relations and inhibition of irrelevant 
information, relations and prepotent responses (Waltz et al., 1999). This ability improves over 
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childhood and adolescence (Wright, Matlen, Baym, Ferrer, & Bunge, 2007) and decreases over 
adulthood (Viskontas, Morrison, Holyoak, Hummel, & Knowlton, 2004), while FI in parallel 
develops over childhood and declines over adulthood (Li et al., 2004). An explanation for a su-
perior relational integration with increasing FI might be that high FI is associated with the ability 
to efficiently process information (Haier et al., 1988), which will be discussed in the following 
section. 
7.2.2 Neural Efficiency and Analogical Reasoning 
Individuals with high compared to average FI solve familiar geometric analogy tasks more effi-
ciently with smaller activity in the PFC indicating a lower reliance on executive and integration 
processes (Preusse et al., 2011). PFC functioning is highly related to the integration of relations 
while maintaining stimulus representations during upcoming interfering information (for review, 
see Kane & Engle, 2002; Waltz et al., 1999). By contrast, Study I does not support the view of 
an efficient processing of information in individuals with high FI for unfamiliar geometric anal-
ogy tasks as in hard tasks right-hemispheric activity in the broad alpha band, an indicator of gen-
eral cortical activity (Klimesch, 1999; Pfurtscheller & Lopes da Silva, 1999), was greater for 
students with high compared to average FI. This is in accordance with studies showing that neu-
ral efficiency occurs mostly in familiar but not unfamiliar problems (for review, see Neubauer & 
Fink, 2009a) and also with the stronger recruitment of parieto-occipital regions in individuals 
with high compared to average FI which Preusse et al. (2011) report. 
Based on the greater right-hemispheric cortical activity for students with high compared to 
average FI, we assume differences in the visual processing of relational information dependent 
on FI. The greater investment in relational encoding, we identified for students with high com-
pared to average FI, implies the consideration of more information and reliance on extensive 
visuospatial processing. In line with this, the lower right-hemispheric cortical activity (i.e., alpha 
ERD) for students with average compared to high FI during hard tasks probably reflects mental 
overload due to high visual WM demands. Spatial abilities are associated with right-hemispheric 
activity (Vogel, Bowers, & Vogel, 2003) and cortical activity, indicated by a smaller alpha ERD 
or an alpha ERS, decreases in visual WM tasks when individuals experience mental overload 
(Bashivan, Bidelman, & Yeasin, 2013; Krause et al., 2000). The high error rates in Study I 
(25.5%) in hard tasks for students with average FI supports the assumption of mental overload, 
which also replicates previous findings (van der Meer et al., 2010). Moreover, FI-related differ-
ences in the processing of visuospatial information is in accordance with a more distributed in-
spection of RAPM matrices for individuals with high compared to average FI, indicating the 
attempt to consider and integrate the entire visuospatial information of the tasks (Vigneau et al., 
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2006). Further, also math-gifted individuals are characterized by extensive visuospatial pro-
cessing, especially in the most difficult tasks of the RAPM requiring the integration of relations 
(Desco et al., 2011). 
While high compared to average FI goes along with the representation of more information, 
the inhibition of irrelevant information as a further aspect during relational integration seems not 
to be increased for high FI. In Study I, the greater cortical activity in students with high com-
pared to average FI over frontal brain regions was indicated by a smaller alpha ERS. According 
to Klimesch et al. (2007), a smaller frontal alpha ERS reflects less inhibitory top-down control in 
visuospatial WM tasks. Less inhibitory activity also corresponds to the smaller activity in the 
PFC reported by Preusse et al. (2011) for students with high compared to average FI. Further, the 
negative correlation between error rates and the investment in relational encoding (i.e., lower-2 
alpha) in Study I remains unchanged when controlling for WM capacity, measured with the 
Symmetry Span Task by Kane et al. (2004) and the Operation Span Task by Turner and Engle 
(1989). Such measures of WM capacity imply the maintenance of information in interference-
rich contexts requiring inhibitory control. In line with a greater importance of the amount of in-
formation that can be considered compared to the inhibition of irrelevant information character-
izing high FI, Mogle, Lovett, Stawski, and Sliwinski (2008) emphasize the strong predictive val-
ue of secondary memory abilities on FI, whereas WM capacity provides no additional predictive 
value. Secondary memory is a system with less restricted capacity, in which information can be 
encoded and maintained with contextual cues for retrieval while other information can be pro-
cessed (Unsworth & Engle, 2007). However, evidence on the impact of secondary memory on 
differences in FI is inconsistent (Shelton, Elliott, Matthews, Hill, & Gouvier, 2010). 
In sum, greater neural efficiency in individuals with high FI is not a sufficient explanation of 
differences in the relational processing of information during analogical reasoning. By contrast, 
individuals with high compared to average FI spent more effort on the processing of spatial in-
formation and have an advantage in the integration of relations that allows them to deal with 
such a large amount of information. This might result from a different information representa-
tion, like a stronger reliance on mental imagery during the identification of relations (Sassenberg 
et al., 2011). According to theories of embodied cognition, which assume grounded cognition 
and situated action to underlie cognition (Barsalou, 2008) and have been used as theoretical ap-
proach in mathematical cognition (Núnez, 2004; Núñez & Lakoff, 2005), mental imagery is a 
simulated action that is planned but not executed. A different processing of relational representa-
tions dependent on FI might correspond to a system conceived by O'Boyle et al. (2005) “that 
may in-part be math (or at least visuospatially) specific, one that highlights the use of imagery 
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based memory representations, which are particularly useful for encoding mathematical concepts 
and applying them to high-level mathematical reasoning and thinking” (p. 586). It might be also 
related to differences dependent on FI in strategy use revealed by several studies on analogical 
reasoning and, thus, affect performance. FI-related differences in strategy use and the processing 
of tasks from other mathematical subdivisions will be subject of the following two sections. 
7.3 Strategy Use in Analogical Reasoning 
Several studies using geometric analogy tasks showed that the higher FI is the more often indi-
viduals employ the more effective strategy constructive matching (Bethell-Fox et al., 1984; 
Ullwer et al., 2009; Vigneau et al., 2006). Since constructive matching is characterized by an 
extensive planning phase, in which a lot of information must be processed to identify relations, 
differences in the ability to build complex relational representations might account for this find-
ing. The relational complexity is especially high in more difficult tasks, which corresponds to the 
finding of Bethell-Fox et al. (1984) on a strategic shift from constructive matching to response 
elimination in more difficult tasks but only for individuals with lower FI-scores. In the present 
work, we evaluated FI-related differences in strategy use in more detail as I describe below. 
7.3.1 Adaptive Strategy Choice in High FI 
In Study II, students with high compared to average FI did not use constructive matching more 
often. Moreover, they changed their strategy from constructive matching to response elimination 
in moderate and hard tasks (i.e., in response to increasing task demands). Students with average 
FI changed their strategy only in hard tasks. We suppose that our finding is specific for excep-
tional high FI. Bethell-Fox et al. (1984) tested individuals from a representative sample of the 
entire FI spectrum. Vigneau et al. (2006) did not observe strategic shifts in a more selective sam-
ple of university students from various disciplines. The students with high FI in the present sam-
ple can be assumed to exhibit even higher FI scores. 
We propose that high FI is associated with an adaptive strategy choice (see Siegler & 
Shipley, 1995) across different mathematical subdivisions. On the contrary, average FI is related 
to the perseveration on sophisticated but sometimes inappropriate strategies and low FI with the 
employment of less effective strategies especially for difficult tasks. Accordingly, strategy 
choices in Study II were associated with optimized performance for students with high FI. While 
error rates increased with increasing task difficulty for students with average FI, we did not ob-
serve a drop in performance for students with high FI in response to greater task demands. This 
is in line with a more adequate strategy use found for highly compared to averagely intelligent 
children also in other mathematical subdivisions (Hoard et al., 2008). In the present work, stu-
dents with average FI employed constructive matching in moderate tasks less accurately than 
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students with high FI. Though we also found constructive matching to be the more effective 
strategy (shorter RT, fewer errors) compared to response elimination (see also Landgraf et al., 
2011), one has to note that constructive matching is associated with high WM demands, espe-
cially in more difficult tasks (Loesche et al., 2015) and, thus, sometimes inappropriate as we 
showed. 
High FI has been associated with a flexibility that enables individuals to adapt to a variety of 
different demands (Carpenter et al., 1990). However, it remains unclear, which factors contribute 
to FI-related differences in the flexibility of strategy selection. A superior selection based on the 
behavioral efficiency (i.e., fast and accurate) of strategy execution (Siegler & Shipley, 1995) 
might account for FI-related differences in performance. But how do individuals with high FI 
know, which strategy is the most efficient under current task demands, especially when the task 
is new for them? In the present work, we considered further parameters of strategy execution, 
which might affect individuals’ strategy selection and, thus, task performance. 
7.3.2 Strategy Execution and High FI 
In Study II, we found differences in the strategy execution between students. We found the long-
er planning phase in constructive matching compared to response elimination could be supported 
for students with average and high FI (e.g., a longer scan path length before the first midline 
crossing for constructive matching compared to response elimination). However, students with 
high FI exhibited a greater processing depth than students with average FI for both strategies, 
according to Joos, Rötting, and Velichkovsky (2003), indicated by longer mean fixation dura-
tions. This corresponds to the findings of Vigneau et al. (2006) on FI-related differences in the 
amount of information considered for solving geometric analogy tasks and the greater invest-
ment in relational encoding we identified for students with high compared to average FI in 
Study I. 
Furthermore, to our best knowledge, we conducted the first study identifying strategies trial-
wise to control for differences in strategy use and, thus, to evaluate FI-related differences in neu-
ral efficiency for executing strategies. Students with high FI relied more strongly on spatial abili-
ties for strategy execution (right-lateralization; see also Vogel et al., 2003), whereas students 
with average FI showed a more restricted processing of spatial information and possibly recruit-
ed assisting brain regions to master high WM demands (left-lateralization; see also Reuter-
Lorenz, Stanczak, & Miller, 1999; Smith, Jonides, & Koeppe, 1996), which is further supported 
by the findings of increased error rates. These results correspond to the effect of general intelli-
gence on the strategy execution Sanfratello et al. (2014) report for visual WM tasks. Although 
their findings only apply to the tendency of using a specific strategy as the intraindividual varia-
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bility in strategy use was not considered. An intense processing of spatial features even for the 
execution of individual strategies might imply that individuals with high FI select strategies, for 
which they are capable to consider all information provided by the task (see also Vigneau et al., 
2006). This is a reasonable approach for solving unfamiliar tasks since it avoids a bias towards 
single task features and allows for switching to a less demanding but more appropriate strategy 
when task demands increase. Further studies on the role of neural efficiency of strategy execu-
tion for adaptive strategy choices are needed. 
Besides our interest in differences in strategy execution, we combined EEG and eye move-
ment measures to distinguish between differences in neural activity stemming from the selection 
of different strategies and those due to differences in the execution of the same strategies. There-
by, we addressed a critique by Poldrack (2015) on earlier studies investigating individual differ-
ences in neural efficiency that assume individuals to perform the same computations for prob-
lem-solving. Unlike these studies, we tested this assumption (see 7.3.1) and controlled for differ-
ences in strategy use before evaluating FI-related differences in neural efficiency. In the follow-
ing, I will discuss the impact of strategy selection on differences in neural efficiency. 
7.3.3 Strategy Selection and Its Impact on Individual Differences in Neural Efficiency 
The comparison between FI-related differences in neural efficiency in Study I, where differences 
in strategy use were not considered, and those in Study II indicates that differences in neural ef-
ficiency can be partly ascribed to differences in strategy selection. We directly showed that dif-
ferences in right-hemispheric cortical activity in Study I did not occur after controlling for strat-
egy in Study II, except for differences in lateralization. Accordingly, findings of Grabner et al. 
(2007) on arithmetic problem-solving indirectly point to differences in brain activation resulting 
from the use of different strategies dependent on mathematical abilities. Furthermore, strategy 
selection has already been shown to explain differences in cortical activity dependent on task 
difficulty (Grabner & De Smedt, 2011). In Study II, we only included a subsample of Study I, 
which may underlie the different findings of the studies. To unequivocally evaluate the impact of 
strategy selection on differences in neural efficiency, we need to prove for Study II whether FI-
related differences in neural efficiency occur when we do not control for differences in strategy 
use and that these potential differences vanish when we control for strategy. 
Without controlling for strategy, we find FI-related differences in the cortical activity corre-
sponding to differences in the investment in relational encoding based on the processing of more 
spatial information by individuals with high compared to average FI. Unlike students with high 
FI, those with average FI probably solved easy tasks by elementary perceptual comparison pro-
cesses as the right-hemispheric cortical activity for easy tasks was smaller compared to difficult 
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tasks and compared to students with high FI. The effort hypothesis proposes a positive correla-
tion between FI and cortical activity even in easy tasks (Ahern & Beatty, 1979) and is supported 
for several mathematical subdivisions (Dix & van der Meer, 2015; Haier, Siegel, Tang, et al., 
1992; Larson, Haier, LaCasse, & Hazen, 1995), especially under time pressure (Lamm et al., 
2001). For hard tasks, students with average FI recruited assisting brain regions to deal with high 
WM demands indicated by greater left-hemispheric cortical activity for hard compared to easy 
tasks (see also Smith et al., 1996). Thus, when we do not control for differences in strategy use, 
Study II suggests like Study I FI-related differences in the spatial processing of task features for 
some levels of task difficulty (for a discussion on differences between Study I and Study II, see 
7.5). 
Thus, the present work shows that strategy selection affects FI-related differences in cortical 
activity. When controlling for strategy selection, Study II points to FI-related differences in the 
neural efficiency of strategy execution (see 7.3.2). However, for the employment of constructive 
matching, we could show that this difference in strategy execution is independent of task diffi-
culty, which is opposed to the effect of task difficulty we find when we do not control for strate-
gy. Thus, it seems to be necessary to control for strategy when evaluating differences in the neu-
ral efficiency (see also Poldrack, 2015). Further studies need to test whether the effect of strategy 
selection on neural efficiency and differences in the neural efficiency of strategy execution are 
generalizable to other mathematical subdivision and problem-solving domains. 
In the following, I will elaborate what role a more intense processing of spatial features by 
students with high compared to average FI plays for solving problems across different mathemat-
ical subdivisions, which we even found for the execution of individual strategies in geometric 
analogy tasks. 
7.4 Relational Representations: Explaining the Impact of FI on Mathematical Abilities 
Relational reasoning has been shown to affect students’ mathematical achievements and the 
learning of mathematical concepts and operations (Dumas, Alexander, & Grossnickle, 2013). 
According to Dixon (2005), even for solving familiar mathematical problems one needs to iden-
tify the relational structure of the problem to map representations of known problems and opera-
tions on the representation of this structure. We observed a superior ability of individuals with 
high compared to average FI to process spatial information and to integrate relations in geomet-
ric analogy tasks. We assume that this superiority also underlies differences in other mathemati-
cal subdivisions and might account for the reported flexibility associated with high FI, which 
allows adapting to a variety of different task demands (Carpenter et al., 1990). One shortcoming 
of earlier studies on mathematical abilities is that they normally focus on one single subdivision 
GENERAL DISCUSSION  29 
(Floyd et al., 2003). In the present work, we considered, besides FI-related differences in the 
solving of geometric tasks, also the processing of arithmetic and algebraic problems. 
7.4.1 The Impact of FI on Simplifying Complex Arithmetic and Algebraic Terms 
FI-related differences in the performance on familiar arithmetic and algebraic problems are asso-
ciated with a greater investment in the representation of numerical quantity for students with 
high compared to average FI (Dix & van der Meer, 2015). Beyond this, findings of Study III 
suggest differences dependent on FI for memory storage/updating. We assume that students with 
average FI were confronted with greater demands on number updating than their highly intelli-
gent peers indicated by a greater parieto-occipital ERD in the lower-1 alpha band for students 
with average compared to high FI. For mental arithmetic, parietal brain regions get activated 
during the updating of numbers (Montojo & Courtney, 2008) and memory-updating abilities are 
associated with better performance in arithmetic (Passolunghi & Pazzaglia, 2004). 
Since memory-updating abilities correlate positively with FI (Friedman et al., 2008) the FI-
related differences in demands on number updating might reflect differences in updating abili-
ties. However, Study III suggests that differences stem from the use of different strategies in-
volving number updating to a different extent. Students with high compared to average FI proba-
bly relied more strongly on fact retrieval as a trend (p = .09) toward a stronger left-hemispheric 
theta ERS indicates (see also De Smedt et al., 2009; Grabner & De Smedt, 2011). Earlier studies 
also reported that individuals with high compared to average FI employ fact retrieval more often 
(Geary & Brown, 1991) and more successfully (Hoard et al., 2008), which is reasonable because 
of the positive relation between FI and crystallized intelligence, the ability to use acquired 
knowledge (Beauducel, Brocke, & Liepmann, 2001; Beauducel & Kersting, 2002). By contrast, 
students with average FI might employ multi-step procedures with greater demands on number 
updating. 
According to findings on an adaptive strategy choice for high FI (Hoard et al., 2008), the use 
of more appropriate strategies might explain differences in performance. In familiar tasks 
(Study III), we showed strategy choices to be crucial for solving complex problems requiring 
additional memory storage/updating and executive processes. Students with high compared to 
average FI were faster only for the complex problems, that is, simplification of advanced alge-
braic expressions and complex algebraic expressions. For the latter, students with high FI had an 
advantage in retrieving interim results, which we assume based on the greater left-hemispheric 
cortical activity in the upper alpha band found for students with high compared to average FI. In 
memory tasks, a great upper alpha ERD occurs during retrieval (Klimesch et al., 2006; Klimesch 
et al., 2007) and, for mathematics, activity in the left angular gyrus is associated with the retriev-
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al of interim results (Dehaene et al., 2003) and high mathematical abilities (Grabner et al., 2007). 
Supporting this assumption, students with average FI reported difficulties in maintaining arith-
metic interim results when simplifying complex algebraic expressions, which caused them to 
recalculate the problems and corresponds to the longer RTs compared to students with high FI. 
Contrary to the findings of Study III, FI played a minor role for the performance and cortical 
activity (upper alpha) in an earlier study on familiar memory-based reasoning tasks (Grabner, 
Stern, & Neubauer, 2003). However, we assume that the complex problems in the present work 
were especially demanding since we combined two domains, namely arithmetic and algebra. 
Greater demands on the updating of numbers for students with average compared to high FI oc-
curred for simple and complex problems across subdivisions, probably resulting from differences 
in strategy use. Study III suggests that maintaining interim results from one subdivision while 
updating numbers during multi-step procedures in the other is especially challenging. Interfering 
information might have caused students with average FI to forget arithmetic interim results. Op-
erand intrusion (e.g., 8 × 4 = 24), for instance, causes arithmetical errors (Campbell, 1994). 
However, it remains open why students with average FI needed more steps for solving problems 
that mainly require the execution of well-known routines. All participants in the present work 
probably had wide mathematical knowledge due to their special background. One possible ex-
planation is that students differ in their ability to identify the relational structure of problems and, 
thus, in their ability to map and retrieve routines that match this structure (Dixon, 2005). This is 
in line with the findings of Study I on FI-related differences in relational encoding during ana-
logical reasoning and will be examined in the following section. 
7.4.2 Relational Representations in Arithmetic and Algebraic Problem-Solving 
For geometric analogy tasks, Study I revealed that students with high FI build relational repre-
sentations based on an intense processing of spatial information, which was associated with bet-
ter performance compared to students with average FI. We propose that such greater investment 
also occurred for solving arithmetic and algebraic problems and, thus, helped individuals with 
high FI identifying the problems’ relational structure to map known problems and operations on 
it (Dixon, 2005). Consistently, Study III revealed smaller demands on the updating of numbers 
for students with high compared to average FI, probably resulting from the use of well-known 
routines (i.e., fact retrieval). Based on the hypothesis that differences in relational encoding 
might underlie FI-related differences in mathematical cognition across different subdivisions 
allowing for the use of less demanding strategies, we proved that the investment in relational 
encoding in Study I on geometric analogy tasks, is negatively correlated with demands on num-
ber updating in Study III on arithmetic and algebraic problem-solving. 
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We ran a post-hoc linear regression analysis with the parietal lower-1 alpha ERD in Study III 
(i.e., number updating) as dependent variable and the left-central lower-2 alpha ERD in Study I 
(i.e., relational encoding) as predictor variable. For this, we had to take into account that the two 
lower alpha bands are not independent, but respond similarly to cognitive load. Thus, we includ-
ed in a first regression model (R²adjusted = .65; p < .001) all measures of the lower-2 alpha ERD in 
Study III (i.e., unspecific lower-2 alpha activity), and in a second model (R²adjusted = .83; p < .05) 
additionally all measures of the lower-1 alpha ERD in Study I (i.e., unspecific lower-1 alpha 
activity) that suppressed the assumed negative correlation. FI-group as additional predictor vari-
able did not contribute significantly to the model and was not further considered. A third model 
(R²adjusted = .88; p < .05) additionally including the left-central lower-2 alpha ERD in Study I (i.e., 
relational encoding) for hard tasks revealed the negative association (β = -.26) with the parietal 
lower-1 alpha ERD in Study III (i.e., number updating). The analysis was confined to activity 
during hard tasks since relational complexity was highest for these tasks and the functional dis-
sociation (expressed in a decreased positive correlation) between the alpha sub-bands increases 
with increasing task demands (A. Fink, Grabner, Neuper, & Neubauer, 2005). 
This negative relation is a first hint to the crucial role the ability to build representations of 
high relational complexity in individuals with high FI might play in explaining difference in 
mathematical abilities. It supports the assumption made by an earlier study that students with 
high compared to average FI encode numerical quantity rather in the visual system of the 
intraparietal sulcus (Dehaene et al., 2003) for solving arithmetic and algebraic problems (Dix & 
van der Meer, 2015). This greater reliance on the visual system in mathematical cognition seems 
to be specific for high FI but not for measures of crystallized intelligence (Ahern & Beatty, 1979; 
Dix & van der Meer, 2015; G. Lee, Ojha, Kang, & Lee, 2015). Furthermore, it corresponds to the 
proposal by O'Boyle et al. (2005) that a visuospatial system is especially useful for solving 
mathematical problems and connects this system with FI-related differences in the processing of 
visuospatial information and mathematical abilities. The present work indicates that a stronger 
reliance on this visuospatial system allows individuals with high compared to average FI to use 
WM resources more optimally, which I further discuss in the following referring to findings on 
the relation between FI and learning-related changes in WM demands. 
7.4.3 The Impact of Learning on the Building of Relational Representations 
The difficulties of students with average FI, particularly for solving complex familiar and unfa-
miliar problems revealed in the present work, indicate that WM capacity plays a crucial role for 
explaining FI-related differences in the ability to build representations of high relational com-
plexity. Study I suggests that a learning-related reduction of WM demands allows even individu-
32  COUNT ON THE BRAIN 
als with lower abilities in relational integration to solve tasks successfully. Accordingly, RTs for 
moderate and hard tasks and error rates for hard tasks decreased from the first half to the second 
half of the experiment for all students. Moreover, post-hoc we find the investment in relational 
encoding (lower-2 alpha) to correlate with error rates only in the first half of the experiment but 
not in the second half. WM capacity is positively correlated with FI (Kyllonen & Christal, 1990) 
and learning has been shown to reduce WM demands (Schoenfeld, 1992), though it is controver-
sial whether this reduction results from the use of different strategies or from the automatization 
of involved cognitive processes (Tronsky, 2005). 
We showed that learning contributed to the formation of expectancies that directed partici-
pant’s visual attention to task-relevant features probably facilitating relational integration. This is 
indicated by an increase of right-hemispheric cortical activity in the lower-1 alpha band over the 
course of the experiment. In line with this, individuals can develop a memory for a visual context 
(e.g., the structure of geometric patterns) that directs their attention (Chun & Jiang, 1998) and the 
lower-1 alpha band is associated with expectancy driven alertness as one aspect of attention 
(Klimesch et al., 1998). Alertness is related to activity in right-hemispheric brain regions (Sturm 
& Willmes, 2001) and alertness training leads to an increase of this activity (Pizzamiglio et al., 
1998; Sturm, 2004). Stimulating right-hemispheric regions disrupts alpha ERD modulating spa-
tial attention and thus impairing performance (Capotosto, Babiloni, Romani, & Corbetta, 2009). 
A focused visual attention on task-relevant features as result of top-down expectations due to 
learning has been already described by Grossberg (1999). Further, it might facilitate relational 
integration, which shares WM resources with the resolution of interfering information (Cho, 
Holyoak, & Cannon, 2007). 
Findings of Study I highlight that learning can compensate for ability differences but also 
underpin the assumption of FI-related differences in the relational representation of information. 
Neural efficiency increased (i.e. decrease of the right-hemispheric ERD in the broad alpha band) 
in students with high FI for moderate tasks but decreased in students with average FI for hard 
tasks. Though, this is in accordance with the assumption of a stronger learning-related increase 
in neural efficiency with increasing FI (Haier, Siegel, Tang, et al., 1992; Neubauer et al., 2004), 
the decrease in neural efficiency (i.e. increase of the right-hemispheric ERD in the broad alpha 
band) for students with average FI seems rather to reflect the overcoming of mental overload due 
to the reduction of WM demands by focusing on task-relevant features. Accordingly, cortical 
activity in hard tasks did not differ dependent on FI in the second half of the experiment. Con-
sistently, Grabner et al. (2009) report that activity in the angular gyrus differs dependent on 
mathematical abilities only in untrained but not in trained arithmetic tasks. Learning-related re-
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ductions of WM demands did not result in an increase in neural efficiency for students with high 
FI in hard tasks. Several studies showed that some participants are not affected by a secondary 
task changing WM demands, which indicates that participants engage in different processes for 
solving the primary task (Kane & Engle, 2000; Rosen & Engle, 1997). Thus, the lacking impact 
of learning on neural efficiency in students with high FI suggests that these students might rely 
on different processes for representing and integrating relations, for instance, on mental imagery 
(Sassenberg et al., 2011). Future research need to specify these processes further and also should 
address the limitations of the present work outlined below. 
7.5 Limitations of the Present Work 
The sample size of Study II allowed detecting FI-related differences in error rates but not in RTs 
for solving the tasks. In Study I, students with high compared to average FI solved tasks faster 
and more accurately. Thus, FI might affect the accuracy of problem-solving more strongly than 
the speed. This is supported by the lower effect sizes for RTs compared to error rates in Study I 
and also in a study by van der Meer et al. (2010) using a similar unfamiliar geometric analogy 
task. Based on the effect sizes of this latter study, the sample of Study II but not of Study I was 
too small to detect an effect of FI on RTs. According to Faul, Erdfelder, Lang, and Buchner 
(2007), a sample size of N = 66, with α=.05 and 1-β = .95, would have been recommended. 
The smaller and, thus, different sample in Study II but also differences in the data processing 
might explain why in this study cortical activity in the broad alpha band was greater for students 
with high compared to average FI in easy tasks whereas in Study I FI-related differences oc-
curred in hard tasks. In Study II, trials that we could not ascribe unambiguously to constructive 
matching or response elimination (i.e., trials with two midline crossings; 16%) were not consid-
ered and, thus, processes such as the choice which of the pattern pairs serves as source pair might 
not have been covered. Further, Study I distinguished between the first and second half of the 
experiment. There were no FI-related differences in cortical activity in hard tasks over the total 
time course of the experiment, which is in accordance with findings of Study II. Moreover, split-
ting the trial number in Study I increased the variance in the conditions (first versus second half) 
for easy tasks. The easy conditions only comprised trials with identical relations whereas moder-
ate and hard tasks comprised two types of relation each. A lower number of easy task trials 
might be linked with a worse signal-to-noise ratio in Study I and with a masking of the effect of 
FI. 
In Study II, we could not evaluate FI-related differences in neural efficiency of executing re-
sponse elimination dependent on task difficulty as 17 students did not use response elimination 
for all conditions. Thus, we also could not include task difficulty in the analysis for comparing 
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cortical activity for constructive matching and response elimination. This might explain why we 
did not find differences in cortical activity between the two strategies. Such differences might 
only occur in difficult tasks (Bethell-Fox et al., 1984). Despite the consideration of a greater 
sample for further experiments, some new research questions arose from the presented findings. I 
want to conclude this work by proposing several ideas how future studies can address these ques-
tions and with some final remarks at the end. 
7.6 Directions for Future Research and Practical Implications 
According to the adaptive strategy choice model (Siegler & Shipley, 1995), individuals select 
strategies that can be executed efficiently (i.e., fast and accurate). It is not known whether a 
neurally efficient execution affects strategy selection, too. We conducted the first study evaluat-
ing the neural efficiency of strategy execution and showed that students with average FI recruit 
assisting left-hemispheric regions, which might explain a different strategy selection. The impact 
of the efficient execution of a strategy on its selection could be studied in different ways. An 
experiment could consist of different blocks, forced and non-forced strategy choice blocks. 
Strategy selection in the non-forced choice blocks should depend on the neural efficiency of the 
strategy execution in the forced-choice blocks. Strategies that can be executed with a greater 
neural efficiency are assumed to be selected more frequently. To avoid influences of strategy 
instruction in the forced-choice blocks on the strategy selection in the non-forced choice blocks 
one could also stimulate task-relevant brain regions using tanscranial Direct Current Stimulation 
to improve or diminish their functioning (Hauser, Rotzer, Grabner, Merillat, & Jancke, 2013; 
Meinzer, Lindenberg, Antonenko, Flaisch, & Floel, 2013; Zheng, Alsop, & Schlaug, 2011). 
We showed that high FI allows building relational representations based on an intense pro-
cessing of spatial information and assume that individuals engage in different processes depend-
ent on FI to represent and integrate relations (e.g., mental imagery; Sassenberg et al., 2011). To 
further specify FI-related differences in the relational integration one could present only one pat-
tern pair and analyze the neural dynamics underlying the identification of the relation between 
the patterns. For EEG measures, the most important strength is the high temporal resolution – to 
the detriment of the spatial precision. Often, algorithms are not able to achieve a high temporal 
resolution while distinguishing precisely between different bands of the EEG. Recently, Ivanova 
and Kutin (2015) adapted the Hilbert-Huang-Transform (Huang & Shen, 2005) for multichannel 
analyses, which allows exploring cognitive processes in time and frequency with high resolution. 
Since the integration of information requires unbinding relations, the superiority of students 
with high FI to build representations of high relational complexity might result from their ability 
to unbind features and to update episodic representations (Colzato, van Wouwe, Lavender, & 
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Hommel, 2006). One can explore the role of feature unbinding for the identification of relations 
by comparing performance, eye movements (indicating the information search) and cortical ac-
tivity (indicating the underlying neural mechanisms), for trials preceded by trials of the same 
type of relation or by trials of a different type of relation. Individuals with high FI should be less 
negatively affected by a mismatch with the relation of the preceding trial than students with av-
erage FI (i.e., better performance, fewer fixations on task-irrelevant areas, less decreased cortical 
activity in the lower-2 alpha band). Since for analogy tasks distractors display two different rela-
tions, they are not useful to determine the role of feature unbinding. However, one can present 
only one pair of the patterns used in the present work, which are also suitable to determine the 
impact of the visual context on feature binging/unbinding since we can vary the type of relation 
while using the same pattern or vary the pattern while using the same type of relation. 
Unlike earlier studies, the present work considered several mathematical subdivisions and 
suggests that the ability to build representations of high relational complexity explains FI-related 
differences in mathematical performance across different subdivisions. Highly trained routines 
can only be applied if the relational structure of the problem can be identified (Dixon, 2005). 
Future studies could specify FI-related differences in the information used to represent the struc-
ture of arithmetic and algebraic problems using eye movement analyses (see also H. J. Green et 
al., 2007). In addition, one can manipulate the task presentation and, thus, the difficulty to identi-
fy relations. The task presentation affects internal representations and related performance (E. 
Fink, 2002; Koedinger, Alibali, & Nathan, 2008). If we manipulate the position of elements in 
complex expression this should facilitate or hamper the identification of relations between ele-
ments. For instance, canceling down numbers might occur more often, when numbers are pre-
sented one above the other instead of on opposite sides of the fraction. We assume that FI-related 
differences in the selection of fact retrieval are smaller in the first than in the second example. 
Accordingly, we tested for geometric analogy tasks whether manipulating the presentation of 
the patterns helps to identify relations. We presented the same patterns used in the present work, 
but only one pair. Participants were instructed to identify the relation between the patterns that 
appeared either next to or above each other. According to Sassenberg et al. (2011), we assumed 
participants to simulate the mirroring to identify relations by mentally rotating the patterns. Find-
ings revealed better performance in trials were the rotation direction of the relation corresponded 
to the presentation of the patterns (congruent trials; e.g., vertical relation for patterns presented 
next to each other or horizontal relation for patterns presented above each other). Pupil dilation, 
the aggregate measure of mental activity (Beatty & Lucero-Wagoner, 2000), was smaller in con-
gruent trials indicating lower demands compared to incongruent trials. High FI was associated 
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with better performance but only in incongruent trials. Thus, task presentation helped to identify 
relations leading to an improved performance and the reduction of FI-related differences. 
The internal task representation can also be changed by learning new problem-solving strat-
egies (Alibali, Phillips, & Fischer, 2009). We propose that instructing appropriate strategies fa-
cilitating the identification of relations is a promising approach in education to improve perfor-
mance and reduce individual differences. However, one needs to select instructions on strategies 
carefully. For instance, Loesche et al. (2015) instructed participants on the rules for solving the 
RAPM test. When individuals knew the rules, they employed the more effective strategy con-
structive matching more often. However, the correlation between task performance and individu-
als’ WM capacity increased simultaneously. Thus, such instructions that probably do not affect 
the task representation but only encourage the choice of more demanding strategies should not 
be the first choice when the support of individuals with lower FI, which have lower WM capaci-
ties (Kyllonen & Christal, 1990), is intended. Passolunghi and Pazzaglia (2004) discussed that 
writing down interim results for arithmetic problems might reduce WM demands and, thus, im-
prove performance. However, they showed that performing the current calculation step still re-
lied on updating abilities, which are positively correlated with FI (Friedman et al., 2008). Thus, 
to determine appropriate instructions in education further research should specify the role of WM 
abilities for explaining FI-related differences in mathematical performance, for instance, by us-
ing secondary tasks draining WM resources. 
7.7 Conclusions 
In conclusion, the present work specified FI-related differences in the cognitive processes and 
neural mechanisms that underlie differences in performance on problems across different math-
ematical subdivisions (geometry, arithmetic, algebra). Using a multi-methodological approach 
including behavioral data, eye movements and the ERD/ERS in the theta and alpha band we shed 
light on the complex interplay between FI and mathematical abilities. We showed that high FI is 
associated with the ability to build relational representations based on an intense processing of 
spatial information facilitating the solving of geometric analogy tasks. This was reflected in in-
creased cortical activity. Thus, neural efficiency, one feature of high FI, is not an appropriate 
concept for explaining FI-related differences in mathematical cognition. We identified an adap-
tive strategy choice as one characteristic of high FI generalizing earlier findings to another math-
ematical subdivision. Further, we conducted the first study identifying strategies trial-wise to 
evaluate FI-related differences in the neural efficiency of executing strategies and the impact of 
strategy selection on differences in cortical activity. Findings point to FI-related differences in 
the neural efficiency of strategy execution, which might constitute a factor influencing strategy 
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selection. The disappearance of FI-related differences in the amount of cortical activity when 
controlling for strategy selection highlights the need to consider differences in strategy use be-
fore evaluating differences in neural activity. For solving arithmetic and algebraic problems, 
high FI was associated with low demands on the updating of numbers and, thus, with better per-
formance compared to students with average FI in complex tasks with high WM demands. An 
advantage to identify the relational structure of problems probably allowed mapping and retriev-
ing less demanding routines (i.e., fact retrieval) that match this structure. Accordingly, the in-
vestment in relational encoding during geometric analogical reasoning was negatively correlated 
with the demands of updating numbers in arithmetic and algebra. Thus, the ability to build repre-
sentations of high relational complexity might be a key aspect explaining FI-related difference in 
mathematical abilities. Individuals seem to engage in different processes for relational integra-
tion dependent on FI (e.g., mental imagery), supported by FI-related differences found in the 
learning-induced reduction of WM demands by focusing on task-relevant features. Future studies 
need to identify the mechanisms underlying a superior ability to build representations of high 
relational complexity, for instance, considering FI-related differences in the ability to unbind 
relations of episodic representations. Manipulating the task presentation could facilitate the iden-
tification of relations and thereby reduce FI-related differences in performance on mathematical 
problems. Moreover, we need to specify the role of WM abilities for explaining differences in 
problem-solving dependent on FI, for instance, by using secondary tasks draining WM resources. 
 8 List of References 
Ackerman, P. L. (1987). Individiual Differences in Skill Learning: An Integration of 
Psychometric and Information Processing Perspectives. Psychol Bull, 102(1), 3-27. 
doi:10.1037/0033-2909.102.1.3 
Ackerman, P. L. (1988). Determinants of individual differences during skill acquisition: 
Cognitive abilities and information processing perspectives. Journal of Experimental 
Psychology: General, 117(3), 288-318. doi:10.1037/0096-3445.117.3.288 
Ackerman, P. L., Beier, M. E., & Boyle, M. O. (2005). Working memory and intelligence: the 
same or different constructs? Psychol Bull, 131(1), 30-60. doi:10.1037/0033-
2909.131.1.30 
Ahern, S., & Beatty, J. (1979). Pupillary Responses During Information Processing Vary with 
Scholastic Aptitude Test Scores. Science, 205(4412), 1289-1292. 
doi:10.1126/science.472746 
Alibali, M. W., Phillips, K. M. O., & Fischer, A. D. (2009). Learning new problem-solving 
strategies leads to changes in problem representation. Cognitive Development, 24(2), 89-
101. doi:10.1016/j.cogdev.2008.12.005 
Anokhin, A., & Vogel, F. (1996). EEG Alpha rhytm frequency and intelligence in normal adults. 
Intelligence, 23, 1-14. doi:10.1016/S0160-2896(96)80002-X 
Ashcraft, M. H. (1992). Cognitive arithmetic: A review of data and theory. Cognition, 44, 75-
106. doi:10.1016/0010-0277(92)90051-I 
Ashcraft, M. H., & Krause, J. A. (2007). Working memory, math performance, and math 
anxiety. Psychonomic Bulletin & Review, 14(2), 243-248. doi:10.3758/BF03194059 
Ayres, P. L. (2001). Systematic Mathematical Errors and Cognitive Load. Contemp Educ 
Psychol, 26(2), 227-248. doi:10.1006/ceps.2000.1051 
Ayres, P. L., & Sweller, J. (1990). Locus of difficulty in multistage mathematics problems. 
American Journal of Psychology, 103(2), 167-193. doi:10.2307/1423141 
Baddeley, A. D. (1986). Working Memory. Oxford, UK: Oxford University Press. 
Baddeley, A. D. (1992). Working Memory. Science, 255(5044), 556-559. 
doi:10.1126/science.1736359 
Baddeley, A. D. (1996). Exploring the Central Executive. Q J Exp Psychol - A, 49(1), 5-28. 
doi:10.1080/713755608 
Baddeley, A. D. (2000). The episodic buffer: a new component of working memory? Trends in 
Cognitive Sciences, 4(11), 417-423. doi:10.1016/S1364-6613(00)01538-2 
ORIGINAL RESEARCH ARTICLES – Fluid Intelligence in Arithmetic and Algebra 39 
Baddeley, A. D., & Hitch, G. (1974). Working Memory. In H. B. Gordon (Ed.), Psychology of 
Learning and Motivation (Vol. 8, pp. 47-90). New York: Academic Press. 
Barsalou, L. W. (2008). Grounded cognition. Annu Rev Psychol, 59, 617-645. 
doi:10.1146/annurev.psych.59.103006.093639 
Bashivan, P., Bidelman, G. M., & Yeasin, M. (2013). Neural correlates of visual working 
memory load through unsupervised spatial filtering of EEG. Paper presented at the 
Proceedings of Machine Learning and Interpretation in Neuroimaging, Lake Tahoe, NV.  
Beatty, J., & Lucero-Wagoner, B. (2000). The pupillary system. In J. T. Cacioppo, L. G. 
Tassinary, & G. G. Berntson (Eds.), Handbook of psychophysiology (2nd ed., pp. 142-
162). New York, NY: Cambridge University Press. 
Beauducel, A., Brocke, B., & Liepmann, D. (2001). Perspectives on fluid and crystallized 
intelligence: facets for verbal, numerical and figural intelligence. Personality and 
Individual Differences, 30, 977-994. doi:10.1016/S0191-8869(00)00087-8 
Beauducel, A., & Kersting, M. (2002). Fluid and Crystallized Intelligence and the Berlin Model 
of Intelligence Structure (BIS). European Journal of Psychological Assessment, 18(2), 
97-112. doi:10.1027//1015-5759.18.2.97 
Berger, H. (1930). Über das Elektrenkephalogramm des Menschen. II. Mitt. J. Psychol. Neurol. 
(Lpz.), 40, 160-179.  
Bernstein, L. J., Beig, S., Siegenthaler, A. L., & Grady, C. L. (2002). The effect of encoding 
strategy on the neural correlates of memory for faces. Neuropsychologia, 40, 86-98. 
doi:10.1016/S0028-3932(01)00070-7 
Bethell-Fox, C. E., Lohman, D. F., & Snow, R. E. (1984). Adaptive Reasoning: Componential 
and Eye Movement Analysis of Geometric Analogy Performance. Intelligence, 8(3), 205-
238. doi:10.1016/0160-2896(84)90009-6 
Blair, C. (2006). How similar are fluid cognition and general intelligence? A developmental 
neuroscience perspective on fluid cognition as an aspect of human cognitive ability. 
Behav Brain Sci, 29, 109-160. doi:10.1017/S0140525X06009034 
Braver, T. S., Barch, D. M., Kelley, W. M., Buckner, R. L., Cohen, N. J., Miezin, F. M., . . . 
Petersen, S. E. (2001). Direct comparison of prefrontal cortex regions engaged by 
working and long-term memory tasks. Neuroimage, 14(1 Pt 1), 48-59. 
doi:10.1006/nimg.2001.0791 
Campbell, J. I. (1994). Architectures for numerical cognition. Cognition, 53, 1-44. 
doi:10.1016/0010-0277(94)90075-2 
40  COUNT ON THE BRAIN 
Capotosto, P., Babiloni, C., Romani, G. L., & Corbetta, M. (2009). Frontoparietal cortex controls 
spatial attention through modulation of anticipatory alpha rhythms. J Neurosci, 29(18), 
5863-5872. doi:10.1523/JNEUROSCI.0539-09.2009 
Carpenter, P. A., Just, M. A., & Shell, P. (1990). What one intelligence test measures: A 
theoretical account of the processing in the Raven Progressive Matrices Test. 
Psychological Review, 97(3), 404-431. doi:10.1037/0033-295X.97.3.404 
Cattell, R. B. (1987). Intelligence: Its structure, growth, and action. Amsterdam, The 
Netherlands: Elsevier Science Publishers BV. 
Cho, S., Holyoak, K. J., & Cannon, T. D. (2007). Analogical reasoning in working memory: 
Resources shared among relational integration, interference resolution, and maintenance. 
Mem Cognit, 35(6), 1445-1455. doi:10.3758/BF03193614  
Christoff, K., Prabhakaran, V., Dorfman, J., Zhao, Z., Kroger, J. K., Holyoak, K. J., & Gabrieli, 
J. D. (2001). Rostrolateral prefrontal cortex involvement in relational integration during 
reasoning. Neuroimage, 14(5), 1136-1149. doi:10.1006/nimg.2001.0922 
Chun, M. M., & Jiang, Y. (1998). Contextual Cueing: Implicit Learning and Memory of Visual 
Context Guides Spatial Attention. Cogn Psychol, 36, 28-71. doi:10.1006/cogp.1998.0681 
Colzato, L. S., van Wouwe, N. C., Lavender, T. J., & Hommel, B. (2006). Intelligence and 
cognitive flexibility: Fluid intelligence correalates with feature "unbinding" across 
perception and action. Psychonomic Bulletin & Review, 13(6), 1043-1048. 
doi:10.3758/BF03213923 
Constantinidis, C., & Wang, X. J. (2004). A neural circuit basis for spatial working memory. 
Neuroscientist, 10(6), 553-565. doi:10.1177/1073858404268742 
Davachi, L. (2006). Item, context and relational episodic encoding in humans. Curr Opin 
Neurobiol, 16(6), 693-700. doi:10.1016/j.conb.2006.10.012 
De Smedt, B., Grabner, R. H., & Studer, B. (2009). Oscillatory EEG correlates of arithmetic 
strategy use in addition and subtraction. Exp Brain Res, 195(4), 635-642. 
doi:10.1007/s00221-009-1839-9 
De Smedt, B., Noël, M.-P., Gilmore, C., & Ansari, D. (2013). How do symbolic and non-
symbolic numerical magnitude processing skills relate to individual differences in 
children's mathematical skills? A review of evidence from brain and behavior. Trends in 
Neuroscience and Education, 2(2), 48-55. doi:10.1016/j.tine.2013.06.001 
Dehaene, S. (1992). Varieties of numerical abilities. Cognition, 44, 1-42. doi:10.1016/0010-
0277(92)90049-N 
ORIGINAL RESEARCH ARTICLES – Fluid Intelligence in Arithmetic and Algebra 41 
Dehaene, S., Piazza, M., Pinel, P., & Cohen, L. (2003). Three parietal circuits for number 
processing. Cogn Neuropsychol, 20(3), 487-506. doi:10.1080/02643290244000239 
Desco, M., Navas-Sanchez, F. J., Sanchez-Gonzalez, J., Reig, S., Robles, O., Franco, C., . . . 
Arango, C. (2011). Mathematically gifted adolescents use more extensive and more 
bilateral areas of the fronto-parietal network than controls during executive functioning 
and fluid reasoning tasks. Neuroimage, 57(1), 281-292. 
doi:10.1016/j.neuroimage.2011.03.063 
DeStefano, D., & LeFevre, J. A. (2004). The role of working memory in mental arithmetic. 
European Journal of Cognitive Psychology, 16(3), 353-386. 
doi:10.1080/09541440244000328 
Dimigen, O., Sommer, W., Hohlfeld, A., Jacobs, A. M., & Kliegl, R. (2011). Coregistration of 
eye movements and EEG in natural reading: Analyses and review. Journal of 
Experimental Psychology: General, 140(4), 552-572. doi:10.1037/a0023885 
Dix, A., & van der Meer, E. (2015). Arithmetic and algebraic problem solving and resource 
allocation: The distinct impact of fluid and numerical intelligence. Psychophysiology, 
52(4), 544-554. doi:10.1111/psyp.12367 
Dixon, J. A. (2005). Mathematical problem solving: The roles of exemplar, schemata, and 
relational representations. In J. I. Campbell (Ed.), Handbook of mathematical cognition. 
United Kingdom: Psychology Press. 
Doppelmayr, M., Klimesch, W., Stadler, W., Pöllhuber, D., & Heine, C. (2002). EEG alpha 
power and intelligence. Intelligence, 30, 289-302. doi:10.1016/S0160-2896(01)00101-5 
Dumas, D., Alexander, P. A., & Grossnickle, E. M. (2013). Relational Reasoning and Its 
Manifestations in the Educational Context: a Systematic Review of the Literature. 
Educational Psychology Review, 25(3), 391-427. doi:10.1007/s10648-013-9224-4 
Emerson, R. W., & Cantlon, J. F. (2012). Early math achievement and functional connectivity in 
the fronto-parietal network. Dev Cogn Neurosci, 2 Suppl 1, S139-151. 
doi:10.1016/j.dcn.2011.11.003 
Faul, F., Erdfelder, E., Lang, A.-G., & Buchner, A. (2007). G*Power 3: A flexible statistical 
power analysis program for the social, behavioral, and biomedical sciences. Behav Res 
Methods, 39(2), 175-191. doi:10.3758/BF03193146 
Fink, A., Grabner, R. H., Neuper, C., & Neubauer, A. C. (2005). EEG alpha band dissociation 
with increasing task demands. Brain Res Cogn Brain Res, 24(2), 252-259. 
doi:10.1016/j.cogbrainres.2005.02.002 
42  COUNT ON THE BRAIN 
Fink, E. (2002). Changes of Problem Representation: Theory and Experiments. Berlin, New 
York: Springer. 
Floyd, R. G., Evans, J. J., & McGrew, K. S. (2003). Relations between measures of Cattell-
Horn-Carroll (CHC) cognitive abilities and mathematics achievement across the school-
age years. Psychology in the Schools, 40(2), 155-171. doi:10.1002/pits.10083 
Friedman, N. P., Miyake, A., Young, S. E., Defries, J. C., Corley, R. P., & Hewitt, J. K. (2008). 
Individual differences in executive functions are almost entirely genetic in origin. J Exp 
Psychol Gen, 137(2), 201-225. doi:10.1037/0096-3445.137.2.201 
Gallagher, S. A. (1989). Predictors of SAT mathematics scores of gifted male and gifted female 
adolescents. Psychology of Women Quarterly, 13, 191-203. doi:10.1111/j.1471-
6402.1989.tb00996.x 
Geary, D. C., & Brown, S. C. (1991). Cognitive Addition: Strategy Choice and Speed-of-
Processing Differences in Gifted, Normal, and Mathematically Disabled Children. Dev 
Psychol, 27(3), 398-406. doi:10.1037/0012-1649.27.3.398 
Gentner, D. (1983). Structure-Mapping: A Theoretical Framework for Analogy. Cogn Sci, 7, 
155-170. doi:10.1207/s15516709cog0702_3 
Glabus, M. F. (2003). Interindividual Differences in Functional Interactions among Prefrontal, 
Parietal and Parahippocampal Regions during Working Memory. Cereb Cortex, 13(12), 
1352-1361. doi:10.1093/cercor/bhg082 
Goljahani, A., D'Avanzo, C., Schiff, S., Amodio, P., Bisiacchi, P., & Sparacino, G. (2012). A 
novel method for the determination of the EEG individual alpha frequency. Neuroimage, 
60(1), 774-786. doi:10.1016/j.neuroimage.2011.12.001 
Grabner, R. H., Ansari, D., Reishofer, G., Stern, E., Ebner, F., & Neuper, C. (2007). Individual 
differences in mathematical competence predict parietal brain activation during mental 
calculation. Neuroimage, 38(2), 346-356. doi:10.1016/j.neuroimage.2007.07.041 
Grabner, R. H., & De Smedt, B. (2011). Neurophysiological evidence for the validity of verbal 
strategy reports in mental arithmetic. Biol Psychol, 87(1), 128-136. 
doi:10.1016/j.biopsycho.2011.02.019 
Grabner, R. H., Ischebeck, A., Reishofer, G., Koschutnig, K., Delazer, M., Ebner, F., & Neuper, 
C. (2009). Fact learning in complex arithmetic and figural-spatial tasks: the role of the 
angular gyrus and its relation to mathematical competence. Hum Brain Mapp, 30(9), 
2936-2952. doi:10.1002/hbm.20720 
ORIGINAL RESEARCH ARTICLES – Fluid Intelligence in Arithmetic and Algebra 43 
Grabner, R. H., Stern, E., & Neubauer, A. C. (2003). When intelligence loses its impact: neural 
efficiency during reasoning in a familiar area. International Journal of Psychophysiology, 
49(2), 89-98. doi:10.1016/s0167-8760(03)00095-3 
Green, A. E., Fugelsang, J. A., & Dunbar, K. N. (2006). Automatic activation of categorical and 
abstract analogical relations in analogical reasoning. Mem Cognit, 34(7), 1414-1421. 
doi:10.3758/BF03195906 
Green, A. E., Fugelsang, J. A., Kraemer, D. J., Shamosh, N. A., & Dunbar, K. N. (2006). 
Frontopolar cortex mediates abstract integration in analogy. Brain Res, 1096(1), 125-137. 
doi:10.1016/j.brainres.2006.04.024 
Green, H. J., Lemaire, P., & Dufau, S. (2007). Eye movement correlates of younger and older 
adults' strategies for complex addition. Acta Psychol (Amst), 125(3), 257-278. 
doi:10.1016/j.actpsy.2006.08.001 
Grossberg, S. (1999). The Link between Brain Learning, Attention, and Consciousness. 
Consciousness and Cognition, 8, 1-44. doi:10.1006/ccog.1998.0372 
Haier, R. J., Siegel, B. V., MacLachlan, A., Soderling, E., Lottenberg, S., & Buchsbaum, M. S. 
(1992). Regional glucose metabolic changes after learning a complex visuospatial/motor 
task: a positron emission tomographic study. Brain Res, 570, 134-143. doi:10.1016/0006-
8993(92)90573-R 
Haier, R. J., Siegel, B. V., Nuechterlein, K. H., Hazlett, E., Wu, J. C., Paek, J., . . . Buchsbaum, 
M. (1988). Cortical Glucose Metabolic Rate Correlates of Abstract Reasoning and 
Attention Studied with Positron Emission Tomography. Intelligence, 12, 199-217. 
doi:10.1016/0160-2896(88)90016-5 
Haier, R. J., Siegel, B. V., Tang, C., Abel, L., & Buchsbaum, M. S. (1992). Intelligence and 
Changes in Regional Cerebral Glucose Metabolic Rate Following Learning. Intelligence, 
16, 415-426. doi:10.1016/0160-2896(92)90018-M 
Halmos, P. R. (1980). The Heart of Mathematics. The American Mathematical Monthly, 87(7), 
519-524. doi:10.2307/2321415 
Hauser, T. U., Rotzer, S., Grabner, R. H., Merillat, S., & Jancke, L. (2013). Enhancing 
performance in numerical magnitude processing and mental arithmetic using transcranial 
Direct Current Stimulation (tDCS). Front Hum Neurosci, 7, 244. 
doi:10.3389/fnhum.2013.00244 
Hecht, S. A. (2002). Counting on working memory in simple arithmetic when counting is used 
for problem solving. Mem Cognit, 30(3), 447-455. doi:10.3758/BF03194945 
44  COUNT ON THE BRAIN 
Hoard, M. K., Geary, D. C., Byrd-Craven, J., & Nugent, L. (2008). Mathematical cognition in 
intellectually precocious first graders. Dev Neuropsychol, 33(3), 251-276. 
doi:10.1080/87565640801982338 
Hofstadter, D. R. (1995). Fluid concepts and creative analogies: Computer models of the 
fundamental mechanisms of thought. New York: Basic Books. 
Hofstadter, D. R. (2001). Analogy as the Core of Cognition. In D. Gentner, K. J. Holyoak, & B. 
Kokinov (Eds.), The Analogical Mind: Perspectives from Cognitive Science (pp. 499-
538). Cambridge, MA: MIT Press. 
Holyoak, K. J., & Morrison, R. (2005). The Cambridge handbook of thinking and reasoning. 
Cambridge: University Press. 
Holyoak, K. J., & Thagard, P. (1995). Mental leaps: Analogy in creative thought. Cambridge, 
MA: MIT Press. 
Hosenfeld, B., Van den Boom, D. C., & Resing, W. C. M. (1997). Constructing geometric 
analogies for the longitudinal testing of elementary school children. Journal of 
Educational Measurement, 34(367-372). doi:10.1111/j.1745-3984.1997.tb00524.x 
Hossiep, R., Hasella, M., & Turck, D. (2001). BOMAT - advanced - short version - Bochumer 
Matrizentest. Göttingen: Hogrefe. 
Huang, N. E., & Shen, S. S. P. (2005). Hilbert-Huang Transform and Its Application (Vol. 5). 
London: World Scientific. 
Ischebeck, A., Zamarian, L., Siedentopf, C., Koppelstatter, F., Benke, T., Felber, S., & Delazer, 
M. (2006). How specifically do we learn? Imaging the learning of multiplication and 
subtraction. Neuroimage, 30(4), 1365-1375. doi:10.1016/j.neuroimage.2005.11.016 
Ivanova, G., & Kutin, P. (2015). Multivariate Spatial Analysis of Cognitive Signals Based on 
Selected Intrinsic Mode Functions. In I. Lacković & D. Vasic (Eds.), 6th European 
Conference of the International Federation for Medical and Biological Engineering (Vol. 
45, pp. 50-53): Springer International Publishing. 
Jensen, O., & Tesche, C. D. (2002). Frontal theta activity in humans increases with memmory 
load in a working memory task. European Journal of Neuroscience, 15, 1395-1399. 
doi:10.1046/j.1460-9568.2002.01975.x 
Jonides, J. (2004). How does practice makes perfect? Nat Neurosci, 7(1), 10-11. 
doi:doi:10.1038/nn0104-10 
Joos, M., Rötting, M., & Velichkovsky, B. M. (2003). Bewegungen des menschlichen Auges: 
Fakten, Methoden und innovative Anwendungen [Movements of the human eye: facts, 
methods, and innovative applications]. In T. Herrmann, S. Deutsch, & G. Rickheit (Eds.), 
ORIGINAL RESEARCH ARTICLES – Fluid Intelligence in Arithmetic and Algebra 45 
Handbuch der Psycholinguistik [Handbook of Psycholinguistics] (pp. 142-168). Berlin, 
New York: De Greyter. 
Jung, R. E., & Haier, R. J. (2007). The Parieto-Frontal Integration Theory (P-FIT) of 
intelligence: converging neuroimaging evidence. Behav Brain Sci, 30(2), 135-154; 
discussion 154-187. doi:10.1017/S0140525X07001185 
Jung, T.-P., Makeig, S., Westerfield, M., Townsend, J., Courchesne, E., & Sejnowski, T. J. 
(2000). Removal of eye activity artifacts from visual event-related potentials in normal 
and clinical subjects. Clin Neurophysiol, 111, 1745-1758. doi:10.1.1.164.9941 
Just, M. A., & Carpenter, P. A. (1976). Eye Fixations and Cognitive Processes. Cogn Psychol, 
8(4), 441-480. doi:10.1016/0010-0285(76)90015-3 
Kane, M. J., & Engle, R. (2002). The role of prefrontal cortex in working-memory capacity, 
executive attention, and general fluid intelligence: An individual-differences perspective. 
Psychonomic Bulletin & Review, 9(4), 637-671. doi:10.3758/BF03196323 
Kane, M. J., & Engle, R. W. (2000). Working-Memory Capacity, Proactive Interference, and 
Divided Attention: Limits on Long-Term Memory Retrieval. Journal of Experimental 
Psychology: Learning, Memory, and Cognition, 26(2), 336-358. doi:10.1037/0278-
7393.26.2.336 
Kane, M. J., Hambrick, D. Z., Tuholski, S. W., Wilhelm, O., Payne, T. W., & Engle, R. W. 
(2004). The Generality of Working Memory Capacity: A Latent-Variable Approach to 
Verbal and Visuospatial Memory Span and Reasoning. Journal of Experimental 
Psychology: General, 133(2), 189-217. doi:10.1037/0096-3445.133.2.189 
Kazai, K., & Yagi, A. (2005). Contrast dependence of lambda response. International Congress 
Series, 1278, 61-64. doi:10.1016/j.ics.2004.11.053 
Kelly, A. M., & Garavan, H. (2005). Human functional neuroimaging of brain changes 
associated with practice. Cereb Cortex, 15(8), 1089-1102. doi:10.1093/cercor/bhi005 
Klimesch, W. (1999). EEG alpha and theta oscillations reflect cognitive and memory 
performance: a review and analysis. Brain Res Rev, 29, 169-195. doi:10.1016/S0165-
0173(98)00056-3 
Klimesch, W., Doppelmayr, M., Russegger, H., Pachinger, T., & Schwaiger, J. (1998). Induced 
alpha band power changes in the human EEG and attention. Neurosci Lett, 244(2), 73-76. 
doi:10.1016/S0304-3940(98)00122-0 
Klimesch, W., Hanslmayr, S., Sauseng, P., Gruber, W., Brozinsky, C. J., Kroll, N. E., . . . 
Doppelmayr, M. (2006). Oscillatory EEG correlates of episodic trace decay. Cereb 
Cortex, 16(2), 280-290. doi:10.1093/cercor/bhi107 
46  COUNT ON THE BRAIN 
Klimesch, W., Sauseng, P., & Hanslmayr, S. (2007). EEG alpha oscillations: the inhibition-
timing hypothesis. Brain Res Rev, 53(1), 63-88. doi:10.1016/j.brainresrev.2006.06.003 
Klimesch, W., Schack, B., & Sauseng, P. (2005). The functional significance of theta and upper 
alpha oscillations. Exp Psychol, 52(2), 99-108. doi:10.1027/1618-3169.52.2.99 
Klimesch, W., Schimke, H., & Pfurtscheller, G. (1993). Alpha frequency, cognitive load and 
memory performance. Brain Topography, 5(3), 241-251. doi:10.1007/BF01128991 
Klimesch, W., Schimke, H., & Schwaiger, J. (1994). Episodic and semantic memory: an analysis 
in the EEG theta and alpha band. Electroencephalography and clinical Neurophysiology, 
91, 428-441. doi:10.1016/0013-4694(94)90164-3 
Klingberg, T. (2006). Development of a superior frontal-intraparietal network for visuo-spatial 
working memory. Neuropsychologia, 44(11), 2171-2177. 
doi:10.1016/j.neuropsychologia.2005.11.019 
Koedinger, K. R., Alibali, M. W., & Nathan, M. J. (2008). Trade-offs between grounded and 
abstract representations: evidence from algebra problem solving. Cogn Sci, 32(2), 366-
397. doi:10.1080/03640210701863933 
Kokinov, B., & French, R. M. (2003). Computational models of analogy-making. In L. Nadel 
(Ed.), Encyclopedia of cognitive science (Vol. 1, pp. 113-118). London: Nature 
Publishing Group. 
Krause, C. M., Sillanmäki, L., Koivisto, M., Saarela, C., Häggqvist, A., Laine, M., & 
Hämäläinen, H. (2000). The effects of memory load on event-related EEG 
desynchronization and synchronization. Clin Neurophysiol, 111, 2071-2078. 
doi:10.1016/S1388-2457(00)00429-6 
Kroesbergen, E. H., Van Luit, J. E. H., Van Lieshout, E. C. D. M., Van Loosbroek, E., & Van de 
Rijt, B. A. M. (2009). Individual differences in early numeracy. Journal of 
Psychoeducational Assessment, 27(3), 226-236. doi:10.1177/0734282908330586 
Kroger, J. K., Sabb, F. W., Fales, C. L., Bookheimer, S. Y., Cohen, M. S., & Holyoak, K. J. 
(2002). Recruitment of Anterior Dorsolateral Prefrontal Cortex in Human Reasoning: a 
Parametric Study of Relational Complexity. Cereb Cortex, 12(5), 477-485. 
doi:10.1093/cercor/12.5.477 
Kyllonen, P. C., & Christal, R. E. (1990). Reasoning ability is (little more than) working-
memory capacity?! Intelligence, 14, 386-433. doi:10.1016/S0160-2896(05)80012-1 
Kyttälä, M., & Lehto, J. E. (2008). Some factors underlying mathematical performance: The role 
of visuospatial working memory and non-verbal intelligence. European Journal of 
Psychology of Education, 13(1), 77-94. doi:10.1007/BF03173141 
ORIGINAL RESEARCH ARTICLES – Fluid Intelligence in Arithmetic and Algebra 47 
Lamm, C., Bauer, H., Vitouch, O., Durec, S., Gronister, R., & Gstättner. (2001). Restriction of 
task processing time affects cotical activity during processing of a cognitive task: an 
event-related slow cortical potential study. Cognitive Brain Research, 10(3), 275-282. 
doi:10.1016/S0926-6410(00)00048-3 
Landgraf, S., Amado, I., Brucks, M., Krueger, F., Krebs, M., & van der Meer, E. (2011). 
Inflexible information acquisition strategies mediate visuo-spatial reasoning in stabilized 
schizophrenia patients. The World Journal of Biological Psychiatry, 12(8), 608-619. 
doi:10.3109/15622975.2010.544329 
Larson, G. E., Haier, R. J., LaCasse, L., & Hazen, K. (1995). Evaluation of a "Mental Effort" 
Hypothesis for Correlations Between Cortical Metabolism and Intelligence. Intelligence, 
21, 267-278. doi:10.1016/0160-2896(95)90017-9 
Lee, G., Ojha, A., Kang, J. S., & Lee, M. (2015). Modulation of resource allocation by intelligent 
individuals in linguistic, mathematical and visuo-spatial tasks. Int J Psychophysiol, 97(1), 
14-22. doi:10.1016/j.ijpsycho.2015.04.013 
Lee, K., Yeong, S. H. M., Ng, S. F., Venkatraman, V., Graham, S., & Chee, M. W. L. (2010). 
Computing solutions to algebraic problems using a symbolic versus a schematic strategy. 
Zdm, 42(6), 591-605. doi:10.1007/s11858-010-0265-6 
Lee, K. H., Choi, Y. Y., Gray, J. R., Cho, S. H., Chae, J. H., Lee, S., & Kim, K. (2006). Neural 
correlates of superior intelligence: stronger recruitment of posterior parietal cortex. 
Neuroimage, 29(2), 578-586. doi:10.1016/j.neuroimage.2005.07.036 
Lemaire, P., & Siegler, R. S. (1995). Four aspects of strategic change: contributions to children's 
learning of multiplication. Journal of Experimental Psychology: General, 124(1), 83-97. 
doi:10.1037/0096-3445.124.1.83 
Li, S.-C., Lindenberger, U., Hommel, B., Aschersleben, G., Prinz, W., & Baltes, P. B. (2004). 
Transformations in the couplings among intellectual abilities and constituent cognitive 
processes across the life span. Psychological Science, 15(3), 155-163. 
doi:10.1111/j.0956-7976.2004.01503003.x 
Liepmann, D., Beauducel, A., Brocke, B., & Amthauer, R. (2007). Intelligenz-Struktur-Test 2000 
R (I-S-T 2000R) (2., erweiterte und überarbeitete Auflage ed.). Goettingen: Hogrefe-
Verlag. 
Linden, D. E. (2007). The working memory networks of the human brain. Neuroscientist, 13(3), 
257-267. doi:10.1177/1073858406298480 
48  COUNT ON THE BRAIN 
Loesche, P., Wiley, J., & Hasselhorn, M. (2015). How knowing the rules affects solving the 
Raven Advanced Progressive Matrices Test. Intelligence, 48, 58-75. 
doi:10.1016/j.intell.2014.10.004 
Martin, A., & Chao, L. L. (2001). Semantic memory and the brain: structure and processes. Curr 
Opin Neurobiol, 11(2), 194-201. doi:10.1016/S0959-4388(00)00196-3 
McNeil, N. M., & Alibali, M. W. (2005). Why won’t you change your mind? Knowledge of 
operational patterns hinders learning and performance on equations. Child Development, 
76(4), 883-899. doi:10.1111/j.1467-8624.2005.00884.x 
Meinzer, M., Lindenberg, R., Antonenko, D., Flaisch, T., & Floel, A. (2013). Anodal 
transcranial direct current stimulation temporarily reverses age-associated cognitive 
decline and functional brain activity changes. J Neurosci, 33(30), 12470-12478. 
doi:10.1523/JNEUROSCI.5743-12.2013 
Mogle, J. A., Lovett, B. J., Stawski, R. S., & Sliwinski, M. J. (2008). What's so special about 
working memory? An examination of the relationships among working memory, 
secondary memory, and fluid intelligence. Psychological Science, 19(11), 1071-1077. 
doi:10.1111/j.1467-9280.2008.02202.x 
Montojo, C., & Courtney, S. M. (2008). Differential neural activation for updating rule versus 
stimulus information in working memory. Neuron, 59(1), 173-182. 
doi:10.1016/j.neuron.2008.05.012 
Mulholland, T. M., Pellegrino, J. W., & Glaser, R. (1980). Components of Geometric Analogy 
Solution. Cogn Psychol, 12, 252-284. doi:10.1016/0010-0285(80)90011-0 
Neubauer, A. C., & Fink, A. (2009a). Intelligence and neural efficiency. Neurosci Biobehav Rev, 
33(7), 1004-1023. doi:10.1016/j.neubiorev.2009.04.001 
Neubauer, A. C., & Fink, A. (2009b). Intelligence and neural efficiency: Measures of brain 
activation versus measures of functional connectivity in the brain. Intelligence, 37(2), 
223-229. doi:10.1016/j.intell.2008.10.008 
Neubauer, A. C., Grabner, R. H., Fink, A., & Neuper, C. (2005). Intelligence and neural 
efficiency: further evidence of the influence of task content and sex on the brain-IQ 
relationship. Brain Res Cogn Brain Res, 25(1), 217-225. 
doi:10.1016/j.cogbrainres.2005.05.011 
Neubauer, A. C., Grabner, R. H., Freudenthaler, H. H., Beckmann, J. F., & Guthke, J. (2004). 
Intelligence and individual differences in becoming neurally efficient. Acta Psychol 
(Amst), 116(1), 55-74. doi:10.1016/j.actpsy.2003.11.005 
ORIGINAL RESEARCH ARTICLES – Fluid Intelligence in Arithmetic and Algebra 49 
Niedermeyer, E., & Lopes da Silva, F. (2004). Electroencephalography: Basic principles, 
clinical applications, and related fields (5th ed.). Philadelphia: Lippincott Williams & 
Wilkins. 
Núnez, R. (2004). Do real numbers really move? Language, thought, and gesture: The embodied 
cognitive foundations of mathematics. In F. Iida, R. P. Pfeifer, L. Steels, & Y. Kuniyoshi 
(Eds.), Embodied artificial intelligence (pp. 54-73). Berlin: Springer. 
Núñez, R., & Lakoff, G. (2005). The cognitive foundations of mathematics: the role of 
conceptual metaphor. In J. I. Campbell (Ed.), Handbook of mathematical cognition (pp. 
109-124). United Kingdom: Psychology Press. 
O'Boyle, M. W., Cunnington, R., Silk, T. J., Vaughan, D., Jackson, G., Syngeniotis, A., & Egan, 
G. F. (2005). Mathematically gifted male adolescents activate a unique brain network 
during mental rotation. Brain Res Cogn Brain Res, 25(2), 583-587. 
doi:10.1016/j.cogbrainres.2005.08.004 
Passolunghi, M. C., & Pazzaglia, F. (2004). Individual differences in memory updating in 
relation to arithmetic problem solving. Learning and Individual Differences, 14(4), 219-
230. doi:10.1016/j.lindif.2004.03.001 
Pfurtscheller, G., & Aranibar, A. (1977). Event-related cortical desynchronization detected by 
power measurements of scalp EEG. Electroencephalography and clinical 
Neurophysiology, 42, 817-826. doi:10.1016/0013-4694(77)90235-8 
Pfurtscheller, G., & Lopes da Silva, F. H. (1999). Event-related desynchronization. Amsterdam: 
Elsevier. 
Pizzamiglio, L., Perani, D., Cappa, S. F., Vallar, G., Paolucci, S., Grassi, F., . . . Fazio, F. (1998). 
Recovery of Neglect After Right Hemispheric Damage: H215O Positron Emission 
Tomographic Activation Study. Arch Neurol., 55, 561-568. 
doi:10.1001/archneur.55.4.561 
Poldrack, R. A. (2015). Is "efficiency" a useful concept in cognitive neuroscience? Dev Cogn 
Neurosci, 11, 12-17. doi:10.1016/j.dcn.2014.06.001 
Preusse, F., van der Meer, E., Deshpande, G., Krueger, F., & Wartenburger, I. (2011). Fluid 
intelligence allows flexible recruitment of the parieto-frontal network in analogical 
reasoning. Front Hum Neurosci, 5, 22. doi:10.3389/fnhum.2011.00022 
Raghubar, K. P., Barnes, M. A., & Hecht, S. A. (2010). Working memory and mathematics: A 
review of developmental, individual difference, and cognitive approaches. Learning and 
Individual Differences, 20(2), 110-122. doi:10.1016/j.lindif.2009.10.005 
Raven, J. C. (1958). Advanced progressive matrices. London, UK: Lewis. 
50  COUNT ON THE BRAIN 
Reuter-Lorenz, P. A., Stanczak, L., & Miller, A. C. (1999). Neural recruitment and cognitive 
aging: two hemispheres are better than one, expecially as you age. Psychological Science, 
10(6), 494-500. doi:10.1111/1467-9280.00195 
Rosen, V. M., & Engle, R. W. (1997). The Role of Working Memory Capacity in Retrieval. 
Journal of Experimental Psychology: General, 126(3), 211-227. doi:10.1037/0096-
3445.126.3.211 
Sanfratello, L., Caprihan, A., Stephen, J. M., Knoefel, J. E., Adair, J. C., Qualls, C., . . . Aine, C. 
J. (2014). Same task, different strategies: how brain networks can be influenced by 
memory strategy. Hum Brain Mapp, 35(10), 5127-5140. doi:10.1002/hbm.22538 
Sassenberg, U., Foth, M., Wartenburger, I., & van der Meer, E. (2011). Show your hands — Are 
you really clever? Reasoning, gesture production, and intelligence. Linguistics, 49(1). 
doi:10.1515/ling.2011.003 
Schoenfeld, A. H. (1992). Learning to think mathematically: Problem solving, metacognition, 
and sense making in mathematics. In D. Grouws (Ed.), Handbook for Research on 
Mathematics Teaching and Learning: A project of the National Council of Teachers of 
Mathematics. New York, NY, England: Macmillan Publishing Co, Inc. 
Shelton, J. T., Elliott, E. M., Matthews, R. A., Hill, B. D., & Gouvier, W. D. (2010). The 
relationships of working memory, secondary memory, and general fluid intelligence: 
working memory is special. J Exp Psychol Learn Mem Cogn, 36(3), 813-820. 
doi:10.1037/a0019046 
Siegler, R. S., & Shipley, C. (1995). Variation, selection, and cognitive change. In G. Halford & 
T. Simon (Eds.), Developing cognitive competence: New approaches to process modeling 
(pp. 31-76). Hillsdale, NJ: Erlbaum. 
Simon, H. A., & Newell, A. (1971). Human problem solving: The state of the theory in 1970. 
American Psychologist, 26(2), 145-159. doi:10.1037/h0030806 
Smith, E. E., Jonides, J., & Koeppe, R. A. (1996). Dissociating Verbal and Spatial Working 
Memory Using PET. Cereb Cortex, 6(1), 11-20. doi:10.1093/cercor/6.1.11 
Sprague, N., & Ballard, D. H. (2003). Eye movements for reward maximization. In S. Thrun, L. 
Saul, & B. Schölkopf (Eds.), Advances in neural information processing systems (Vol. 
16). Cambridge, MA: MIT Press. 
Stocco, A., & Anderson, J. R. (2008). Endogenous Control and Task Representation: An fMRI 
Study in Algebraic Problem-solving. Journal of Cognitive Neuroscience, 20(7), 1300-
1314. doi:10.1162/jocn.2008.20089 
ORIGINAL RESEARCH ARTICLES – Fluid Intelligence in Arithmetic and Algebra 51 
Strenze, T. (2007). Intelligence and socioeconomic success: A meta-analytic review of 
longitudinal research. Intelligence, 35(5), 401-426. doi:10.1016/j.intell.2006.09.004 
Sturm, W. (2004). Functional reorganisation in patients with right hemisphere stroke after 
training of alertness: a longitudinal PET and fMRI study in eight cases. 
Neuropsychologia, 42(4), 434-450. doi:10.1016/j.neuropsychologia.2003.09.001 
Sturm, W., & Willmes, K. (2001). On the functional neuroanatomy of intrinsic and phasic 
alertness. Neuroimage, 14(1 Pt 2), S76-84. doi:10.1006/nimg.2001.0839 
Tolar, T. D., Lederberg, A. R., & Fletcher, J. M. (2009). A structural model of algebra 
achievement: computational fluency and spatial visualisation as mediators of the effect of 
working memory on algebra achievement. Educational Psychology, 29(2), 239-266. 
doi:10.1080/01443410802708903 
Tronsky, L. N. (2005). Strategy use, the development of automaticity, and working memory 
involvement in complex multiplication. Mem Cognit, 33, 927-940. 
doi:10.3758/BF03193086 
Turner, M. L., & Engle, R. (1989). Is Working Memory Capacity Task Dependent? Journal of 
Memory and Language, 28, 127-154.  
Ullwer, D., Bornemann, B., Ries, J., Horn, J., Foth, M., Preusse, F., . . . van der Meer, E. (2009). 
Resource allocation and problem solving during a geometric analogy task n individuals 
differing in fluid intelligence. Paper presented at the Analogy 09 Conference, Sofia, 
Bulgaria.  
Unsworth, N., & Engle, R. W. (2007). The nature of individual differences in working memory 
capacity: active maintenance in primary memory and controlled search from secondary 
memory. Psychol Rev, 114(1), 104-132. doi:10.1037/0033-295X.114.1.104 
Van Beek, L., Ghesquier, P., De Smedt, B., & Lagae, L. (2014). The arithmetic problem size 
effect in children: an event-related potential study. Front Hum Neurosci, 8, 756. 
doi:10.3389/fnhum.2014.00756 
van der Meer, E. (1996). Memory and analogical reasoning. In D. Herrmann, C. McEvoy, C. 
Hertzog, P. Hertel, & M. K. Johnson (Eds.), Basic and applied memory research: 
Practical applications (pp. 139-151). Mahwah, NJ: Erlbaum. 
van der Meer, E., Beyer, R., Horn, J., Foth, M., Bornemann, B., Ries, J., . . . Wartenburger, I. 
(2010). Resource allocation and fluid intelligence: insights from pupillometry. 
Psychophysiology, 47(1), 158-169. doi:10.1111/j.1469-8986.2009.00884.x 
52  COUNT ON THE BRAIN 
Vendetti, M. S., Johnson, E. L., Lemos, C. J., & Bunge, S. A. (2015). Hemispheric Differences 
in Relational Reasoning: Novel Insights based on an Old Technique. Front Hum 
Neurosci, 9:55. doi:10.3389/fnhum.2015.00055 
Vigneau, F., Caissie, A. F., & Bors, D. A. (2006). Eye-movement analysis demonstrates strategic 
influences on intelligence. Intelligence, 34(3), 261-272. doi:10.1016/j.intell.2005.11.003 
Viskontas, I. V., Morrison, R. G., Holyoak, K. J., Hummel, J. E., & Knowlton, B. J. (2004). 
Relational integration, inhibition, and analogical reasoning in older adults. Psychol 
Aging, 19(4), 581-591. doi:10.1037/0882-7974.19.4.581 
Vogel, J. J., Bowers, C. A., & Vogel, D. S. (2003). Cerebral lateralization of spatial abilities: A 
meta-analysis. Brain and Cognition, 52(2), 197-204. doi:10.1016/s0278-2626(03)00056-
3 
Waltz, J. A., Knowlton, B. J., Holyoak, K. J., Boone, K. B., Mishkin, F. S., de Menezes Santos, 
M., . . . Miller, B. L. (1999). A system for relational reasoning in human prefrontal 
cortex. Psychological Science, 10(2), 119-125. doi:10.1111/1467-9280.00118 
Wartenburger, I., Heekeren, H. R., Preusse, F., Kramer, J., & van der Meer, E. (2009). Cerebral 
correlates of analogical processing and their modulation by training. Neuroimage, 48(1), 
291-302. doi:10.1016/j.neuroimage.2009.06.025 
Wharton, C. M., Grafman, J., Flitman, S. S., Hansen, E. K., Brauner, J., Marks, A., & Honda, M. 
(2000). Toward neuroanatomical models of analogy: a positron emission tomography 
study of analogical mapping. Cogn Psychol, 40(3), 173-197. doi:10.1006/cogp.1999.0726 
World Medical, A. (2013). World medical association declaration of helsinki: Ethical principles 
for medical research involving human subjects. JAMA, 310(20), 2191-2194. 
doi:10.1001/jama.2013.281053 
Wright, S. B., Matlen, B. J., Baym, C. L., Ferrer, E., & Bunge, S. A. (2007). Neural correlates of 
fluid reasoning in children and adults. Front Hum Neurosci, 1, 8. 
doi:10.3389/neuro.09.008.2007 
Zago, L., Pesenti, M., Mellet, E., Crivello, F., Mazoyer, B., & Tzourio-Mazoyer, N. (2001). 
Neural correlates of simple and complex mental calculation. Neuroimage, 13(2), 314-
327. doi:10.1006/nimg.2000.0697 
Zheng, X., Alsop, D. C., & Schlaug, G. (2011). Effects of transcranial direct current stimulation 
(tDCS) on human regional cerebral blood flow. Neuroimage, 58(1), 26-33. 
doi:10.1016/j.neuroimage.2011.06.018 
 
 
